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1 MACHINE LAYOUTS

1.1 Two Colliders in One Tunnel

Thedesireof thefeasibility studyis to generate low field (approximately2 T) collider designin atunnelwhichalsocanbe
usedfor afuturehighfield (approximatelyl0 T) collider. While the seconctollider is farin thefuture,oneneedgo anticipate
its requirementasbestonecanbeforelaying out the component®f thefirst machinesincethey ultimately mustresidein
sametunnel. This entailsanticipatingthe geometricrequirementsheamopticsrequirementsandphysicalspaceequirements
for futuretechnicalequipment- muchof which may not be known yet. In the paragraphshatfollow, we discusssomeof the
issueghatwereinvolvedwith the designsanddescribepartof the designstrateyy followedfor makingsomeof the choicesfor
this study Furtherdetailsof the geometriacdesigncanbefoundin thefollowing Section,andopticsdetailsin the chapterthat
follows.

1.1.1 Footprint Issues

For thedesignstudyit hasbeenervisionedthatthe Low Field (LF) ring will be comprisedf long, combinedfunction
magnets- thebendingof the centraltrajectoryandthefocusingof the particlebeamwill be performedusinggradientmagnets
with a centralfield strengthontheorderof 2 T. The High Field (HF) ring will useseparatedunctionmagnets- dipole
magnetdor bendingthe centraltrajectoryandquadrupolenagnetdor focusing.Sinceover 75 percentof the circumference
will bemadeup of bendingmagnetsthe designof the standardendingmodulesin the arcsof bothcollidersmustbe
performedsimultaneouslyBoth rings musthave the sameaverageradiusof curvaturesothatthey follow eachother The
samecell length—the distanceover which the bendingandfocusingcharacteristicsepeathemseles—is usedfor bothrings.
Althoughthe LF andHF will usedifferentlengthbendingmagnetshearcsof thetwo colliderswill follow eachotherwith
minimal relative trans\erseoffsetsby maintainingthe sameaverageradiusof curvature.

Onecomplicationof the geometrycomesaboutat thetransitionregionsbetweerbendingandnon-bendingportionsof the
acceleratorsSpecialopticalmodules- dispersiorsuppressors areusedto bring the orbits of off-momentunparticlesto
coincidewith eachotherin thelong straightsections Sincethe LF andHF designshave differentfocusingcharacteristicghe
dispersiorsuppressormustalsobe designedsimultaneouslyo ensurehatthe LF andHF orbitsline up appropriatelywhen
enteringthelong straightsectiongor the InteractionRegionsandUtility Regions.

While the sizeof thearcsis determinedrimarily by the low magnetidield of thefirst stagecollider, the lengthsof the major
straightsectionsaredeterminedprimarily by the high magnetiaigidity of thebeamin the secondstagecollider. The
interactionregionsmustbe madelong enoughto accommodatérajectoryandopticsmanipulationsf high enegy proton
beamausingreasonablguessesor sizesof future high enegy, high luminosity detectorsThe utility straightsectionregions
mustbe madelong enoughto provide spacefor extractinga very high enegy protonbeamtoward a beamdumpandfor beam
scrapingandbeaminstrumentatiorat high enegy. All of thesefunctionswill berequiredfor theLF collider aswell, of
course put thetechnologiesisedfor injection, extraction,accelerationandsoforth will be similar for thetwo rings. Thus,the
requirement®f the HF designwill setthe scalefor the straightsections.

During thedesignof thetwo colliders,“virtual suney monuments'areusedto ensureghatgeometriadifferencedetweertheir
footprintsaresmallandtolerable. These'markers” areplacedat stratgyic locationsin the layoutof eachring — Interaction
Points,beginning of arcs,etc.— andat eachdesigniterationthe geometrie®f theringsarechecledto ensurethatthese
markershave not moved. This methodguaranteethatthetwo acceleratortine up atthedesiredocations.

1.1.2 Optics Issues

In additionto thegeometridayoutof thetwo rings, mary optical propertiesnustbe decidedsimultaneouslaswell. The Low
Field ring usesgradientmagnetsn the arcsof the collider, while the High Field ring usesquadrupold=ODOcells. For
simplicity of instrumentationpower distribution, cableruns,etc.,it is desirablefor the maximumbeamsizelocationsin the
HF arcto corresponavith thosein theLF arc. Traditionaly dispersiorsuppressoregionsaremadeusing“missingmagnet”
scenariosThefractionof bendingmagnetdo leave out dependsiponthe phaseadvancepercell. In combinedfunction
lattices,suchasin the LF designthe bendingmagnetslsoprovide focusing,sothis tactic mustbe modified. While combined
functiondesignsof dispersiorsuppressorbave beenperformedn the past(e.g.,FermilabRegycler), the choiceof cell phase
adwanceandcell lengthsmustbe settleduponfor bothringsto ensurea consistentlispersiorsuppressodesign.(Obviously,
thisis anissuefor bothopticsandgeometryaswell.) Thisis anothereasorthatit waschoserto give thetwo collidersequal
cell lengthsandequalbetatronphaseadvancegercell.



Eachcollider, LF andHF, is madeof two separatebut linked,acceleratorsThe choicemustbe madeasto whetheradjacent
magnetdave the sameor oppositefocusingcharacteristiavith respeceachotherfor the beamtraveling throughthem. This
affectsthe matchingof sectionggoinginto andout of straightsectionsaswell asthe designof the beamtransfersystem
joining the LF andHF rings. The decisionmustbe madein coordinatiorwith the magnetdesigneffort.

Finally, themagnetchoicefor the LF collideris a horizontallyseparatedwo-in-oneiron dominatednagnet.To ensurehatthe
two beamtrajectorieshave the samepathlength,thebeamswill needto be crossedsereraltimesaboutthe circumference.
Spaceandopticaldesignamustbeincorporatednto thelayoutto accommodatéhis feature. Thetwo beamsf the high field
collider arenaturallyseparatedertically in the commoncoil arcmagnets.

1.1.3 Approachto Design

To allow for latticeandcomponentlesigngo progressimultaneouslyor boththe LF andHF colliders,a generalayout
composeadf basicmoduleswasdeveloped.As indicatedin Figurel, eachcollideris madeup of two majorarcswhich
connectwo clustersof straightsections.The clusterscontainspacefor two nearbyinteractionregions(IR) surroundedy two
utility regions(UT) which areusedfor injectionandextraction,acceleratingavities, etc. Shorterhendingregions(DM, DM8)
arelocatedbetweereachlR andUT regionto allow collision debrisandmuonvectorsto missthe downstreandetectorand
utility enclosuresAt theoutset,only oneclusterregion—locatedat or nearthe Fermilabsite— will be equippedwith full IR
andUT optics. The otherclusterregion will have the samestraightsectionlengths but optically will consistof simpler,
FODO-typemoduleswhereapplicable with the exceptionof a specialstraightsectiondesignto accommodatéuture beam
transfersbetweerthe LF andHF acceleratorsA moredetaileddescriptionof the lattice canbefoundin Chapter3.
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Figurel: Schematidayoutof collider modules.Thefigureis notto scale emphasizinghe straightsectionfunctions.

Historically, the half cell lengthof high enegy synchrotron$asscaledroughlywith the squareroot of enegy. The spaceor
injection/extractiondevicesandthe spacefor final focusingat theinteractionpointsscaleroughly equivalently. Thus,it was
decidedio make eachof the specialmodulesof the collider — interactionregions,utility regions,dispersiorsuppressors to
have overalllengthsequalto anintegernumberof standardarc half-cells,a designfeaturealsoadoptedor the SSCproject.
By scalingthe Tevatronhalf cell lengthto the LF enepy, thedistancebetweerquadrupolesn thearcsof thenew colliders
would beapproximatelyl35m. The HF ring could probablytoleratelongercells, but strongerfocusingwill beadoptedo be
consistentvith theLF ring. The exactlengthof the standardtell will bedeterminedy thechoserbunchspacing.To ensure
thatbuncheswill collide atarny detectoiin thedesignregardlesof whatmodulesexist betweerninteractionpoints,thering
modulelengthsaredesignedn unitsof the bunchspacing.

Dispersiorsuppressomodulesareadoptedollowing the SSCdesignwhich wasalsolaterusedin the FermilabMain
Injector. A cell phaseadvanceof 90 degreeshasbeenchoserfor which adispersiorsuppressocanbe madeusingfour special
cells,each3/4 the lengthof a standardtcell andeachcontaining2/3 the bendingof a standarctell. Thesemodulesreducethe
periodicarcdispersiorfunctionto zeroat the outputof four suchcells. The shortbendingregionsbetweerinteraction



RegionsandUtility Regionswill be composedf back-to-bacldispersiorsuppressomodules.If additionalbendingis
requiredin theseregions,it canbe generatedby insertingstandarcalf cellsbetweerthe DS modules.

1.1.4 Tunnel Considerations

Two ringsin onetunnelcertainlyplacedemand®n tunneldiameter The FermilabMain Ring andTevatronsynchrotrons
occupieda single10ft diametertunnel. The LEP tunnelat CERNwasdesignedor two rings (thoughwill only have one)and
hasa 12 ft diameter The SSCdesignwhich hadtwo separateingle-cold-masmagnetspneabove the other useda 12 ft
diametertunnel.For this designwe will assumea 12 ft diametetunnelaswell.

TheLF ring is envisionedto lie nearthefloor of the 12 ft diametertunnel. The HF ring will have magnetof largercross
section,andthuswill belocatedon magnetstandsabove the LF ring wherethetunnelis wider. A cartoonview of thetunnel
crosssectionis shavn in Figure2. TheHF magnetdesignusestwo vertically separatetheams.The mid-pointof the highfield
beamsawill beaboutl m above the mid-pointof thetwo low field beams.

Figure2: Cartoondrawing of the tunnelcrosssectionin the VLHC collider arc, shaving the low field ring with horizontally
separatetheamsbelow the highfield ring with vertically separatetbeams.

1.2 Footprint and optical modules

Tablel lists thefundamentaparametersf the VLHC footprint, asusedin the FeasibilityStudy[1]. In thetransitionfrom
Stagel to Stage? operationthe experimentswill remaincenteredn the sameinteractionpoints. (At thesametimeit is
ervisagedhatthey will beupgradedo take up morespacealongthe beamline, increasinghedistancefrom the IP to thefirst
magnet,L*, from 20to 30 m.) It is thereforenecessaryo allow for abypasgo keepthelow field ring beamswell clearof the
experiments This mustbe donewithout changingthetotal low field ring circumferenceFigure3 is a cartoonshaving the
layoutof theinteractionandutility regionsonthe Fermilabsite,includingabypasswith anapproximatdengthof 8 km.
Figure4 shaws, to scale the samédayoutof the on-siteopticalmoduleswithout the bypasshut includingthe exactlocationof
the 2 interactionpoints(IPs). Injectionfrom the Tevatronis away from the 2 IPs, sincethe VLHC is about100 metershelon
thegroundsurface.Oneof thetwo abortlinesperring is shavn, missingthe neighboringlP by about40 meters. A common
abortdumpareais possiblefor thefour beamsapproximatelyl00 metersfrom the horizontalcrossingpoint“X” of thelow
field ring. Figure4 alsoshavs thatthe muonplumeemanatiorfrom onelP misseghe otherexperimentby approximately70
meters.



Circumference( 233.037 km
Averagearcradius,R 35.0 km
Numberof interactionpoints 2
Half cell length, Ly, 135.486 m
Half cell bendangle gy, 3.875 mrad
Half cell count 1720
Half cell harmonicn 24
Bunchspacing(53.1MHz), Sg 5645 m
18.8 ns
Numberof buckets 41280
Phaseadvancepercell 90.0 degy
Revolution frequeny 1.286 kHz
Revolution period,T' 778 ms
Harmonicnumber h 371520
RFfrequeny (9 x 53.1) 478.0 MHz

Tablel: Fundamentdhttice parametersommonto bothlow andhigh field rings.

Both low field andhigh field ring latticesareconstructedrom opticalmodulesplacedendto endlik e lego blocks.Each
opticalmodule— anarc,dispersiorsuppressgtinteractionregion straight,et cetera— hasanoveralllengthwhichis aninteger
multiple of Ly, thearchalf cell length.Low andhigh field moduleswith the samefunctioncanbe quite differentin
implementationFor example thelow field archalf cell contains2 combinedfunction bendingmagnetswhile the highfield
archalf cell contains7 puredipoles.Nonethelessppticalmodulesin bothlow field andhigh field rings alwayshave the same
overalllengthandthe samebendingangle.For example,in bothlow andhighfield ringsa DispersionSuppressomoduleis 3
Ly long, constructedrom 4 dispersionsuppressohalf cellsof length3/4 L., eachwith 2/3 of the bendingof aregulararc
half cell.

Table? lists the sequencef opticalmodulesin the region on the Fermilabsiteregionin detail,andintroducesshortaliases
suchas“IR” for thelnteractionRegion modules,'DM” for the DispersionModulesand“IA” for the Injection/Abortstraight.
Thefootprint geometryfor the off-site region half way aroundthe VLHC is identical. Thesetwo regionsareseparatedyy
identicalarcs.

Oneadwantageof modularconstructioris thatlow andhigh field latticesareguaranteedo have almostidenticalfootprints,
andthereforeto fit in the sametunnel,solong ascorrespondindow andhigh field modulesareplacedon top of eachother
Figure5 shavs thetrans\erseoffsetof the highfield ring relative to thelow field ring. The maximumdeviationis only about
??mm, easilyallowing onering to be placedon top of the otherat all locationsin the VLHC tunnel.
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Figure 3: Interactionand utility regionson the Fermilabsite, including a bypassto transportlow field ring beamspastthe
experimentdn Stage2 operation.
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Figure4: Scalelayoutof the on-siteutility region of the VLHC, shawing the clearanceof abortlinesandmuonplumesfrom
theexperimentsandsuggestinghe useof acommonabortdumparea.

1.2.1 Half celllength

Theaveragebendingradiusof thearcsis madeascloseaspossibleto the goalvalueof R = 35 km by adjustingthetotal
equivalentnumberof (bending)arccellsin eachring. Eachof the 4 shorthalf cellsin eachdispersiorsuppressohas2/3the
bendingof anarchalf cell. Thus,the 20 dispersiorsuppressorfon eithersideof 10 straightshave atotal bendingequivalent
to 160/3archalf cells. If thereare N = 784 archalf cellsin eachhalf of the VLHC, thenthebendperhalf cell is

2w
= =3. 1
o SN £ 16073 3.875 [mrad] Q)
andthe averagearcbendradiusis
L.
R =" =34961 [km] )
he

Is thenominalarchalf cell lengthof L. = 135.4865 m closeto anoptimum?Whatotherlengthsarepossible?

An importantadvantageof modulardesignis the ability to independentlynodify oneparticularmodulewithout adjustingany
othermodules.For example,it is possibleto increaseor decreas¢helengthof amodulein quantaof L. while (almost)
trivially maintainingopticalmatchingconditions.Suchlengthmodificationswill notdisturbthe bunchspacing- or the
injectionschemeor the RF system gt cetera- if thearchalf cell lengthis anintegertimesthe minimumallowedbunch
spacing.In this casethe total circumferences guaranteedo correspondo anintegernumberof evenly spacedunches.The
(minimum)bunchspacingSg is takento be one53.1MHz RF wavelengthin the Tevatron

12,0007
Sp =453 = 773

This guaranteethatthefilling schemedrom the Tevatronwill berelatively simple. The bunchtime spacingof about18.8ns
is not unreasonablghallengingto the experiments.
Thusthehalf cell lengthis

= 5.645 meters 3)

L. =n,SB 4)



MODULE ALIAS L/Lp. COMMENT

DispersionSuppressor DS 3

Injection/Abortstraight 1A 10

DispersionModule DM8 8 contains2 archalf cells
InteractionRegion IR 12

DispersionModule DM 6

Crossing'straight” X 2

DispersionModule DM 6

InteractionRegion IR 12

DispersionModule DM8 8 contains2 archalf cells
Injection/Abortstraight A 10

DispersionSuppressor DS 3

Utility total 80

Arc 780

GRAND TOTAL 1720 2 arcsplus?2 utilities

Table2: Sequencef opticalmodulesin theon-siteregionof theVLHC. Thereis anotheregion of identicalfootprintgeometry
onthefarsideof thering. Thesetwo regionsareseparatedby two arcs,each780half cellslong.

Thebunchspacingcantrivially beincreasedfor exampleduringcommissioningpy ary of thecommonfactorsof the “half
cell harmonicnumber’ny. Table3 shavs all the evenvaluesof n, in the half cell lengthrangefrom 100 metersto 200
meters.Thevalueof n, = 24 waschoserfor bothlow andhighfield ringsin the VLHC FeasibilityStudy[1], corresponding
to ahalf cell lengthof L. = 135.4865 meters.

This half cell lengthis shortenoughto keepthe naturalhorizontalemittancedueto synchrotrorradiationin the highfield ring,
€nat = 0.04 um, muchsmallerthanthe horizontalemittances, ~ 0.20 pum which mustbe maintainedby heating)to avoid
beam-beantimits in the store.Figure6 shavs the cubicdependencef the naturalemittanceon the half cell lengthunderthe
reasonablapproximatiorof a purely FODO cell latticewith thin quadrupolesind100%dipole packingfraction.

A strongeiimit to the maximumarchalf cell lengthis the needto limit thevulnerability of thelow andhigh field ringsto
systematidield harmonicerrorsin thearcbendingmagnetsThis is morecritical for thelow field ring, simply because¢he
injectionenengy is anorderof magnituddower (1 TeV) thanfor the highfield ring (10 TeV). A crudecalculation[8] shovs

ny L [M] COMMON FACTORS
18 101.6149 2*3*3 236918

20 112.9054 2*2*5 2451020

22 1241959 2*11 21122

24 1354865 2*2*2*3 234681224

26 146.7770 2*13 21326

28 158.0676 2*2*7 2471428

30 169.3581 2*3*5 2356101530

32 180.6486 2%2*2*2*2 2481632

34 191.9392 2*17 21734

Table 3: Potentialarc half cell harmonicsandlengths. The bunchspacingcantrivially be increasedy ary of the common
factorsof the“half cell harmonicfactor”, n, .



thatthe systematicharmonicb,, mustobey

b, — 1 (2 [ By (n—1)/2
— < AQ,—1L — 5
ry T D, he m2e, ®)

wherery = 10 mmis thereferenceradius,A/@w is the maximumallowedtuneshift, D,, is anumericalcoeficient (see
Table4), andm is boththe horizontalbetatronamplitudein units of o, andthe constanmomentunpffsetin unitsof o, /p.
Equation5 assumedully packedFODO cellswith thin quadsandassumeshatthe betatrorbeamsizeatanF quadis equalto
themomentunspreadsize[8]. Althoughcrude,Eqn.5 correctlyshowvs the scalingwith respecto injectionenegy andcell
length. Trackingstudiesarenecessaryhenincreasediccuray is required.Figure7 illustrateshow the sensitvity to
systematiharmonicsdepend®nthe half cell lengthaccordingto Eqn. 5, in thelow andhighfield ringsrespectiely.

In conclusionthecurrentvalueof L. = 135.4865 mis by nomeandully optimized,notleastbecauseave do notaccurately
understandvhatvaluesof systematianagnetharmonicanightbe achievedin industrialproductionof thearcbending
magnets.

n Multipole D,

1 Quadrupole .8333
2 Setupole  2.412
3 Octupole 6.712
4 Decapole 19.18
5 12-pole 56.49
6 14-pole 170.9

Table4: LowestorderD,, valueswith aphaseadwvanceof ¢. = 90 degreesper FODOcell.



RADIAL offset from low field ring to high field ring
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Figure5: Thetrans\erseoffsetof the high field ring, relative to the low field ring. Both rings easilyfit in the sametunnel.
(THIS FIGURENEEDSTO BE UPDATED.)
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Figure6: Naturalemittancdrom synchrotrorradiationversusarc half cell lengthin the high field ring.
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2 STAGE 1: THE LOW-FIELD RING

Thefirst stagelow-field collider will have atop enegy of 20 TeV andpeak(initial) luminosityof 1034 cm—2sec!. The
colliderwill usethe Tevatronasits injectoroperatingat atransferenegy of 900GeV. For this studya trans\erseemittanceof
1.5 mm mrad(rms,normalized)s used which s typical for the FermilabBoosterthoughabouthalf the valueat the
Tevatronunderrecentnormaloperationslt is anticipatedhatwith furtherRunll experiencetheefficiency of emittance
preserationwill increaseUtilizing the presenticceleratiorsystemsf the Tevatroninjector chain,the collider hasa bunch
spacingof 5.645m (53.1MHz) which setsthe numberof availableRF buckets. With a 90%filling fractionto allow for gapsin
thebeamfor variouskicker risetimes,the numberof protonsperbunchrequiredin the Stagel collider is approximately

2.6 x 109, similar to Tevatronbunchintensitiesduring previous Fixed TargetoperationsUsing aninteractionregion design
with a 8* = 0.3 m, we arrive atthe desirednitial luminosity. Table5 lists thegeneralparametersf the Stagel collider.

Luminosity, bunch intensity versus time Emittance evolution versus time
. G 25
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Figure8: Evolution of collider parametersluringatypical store.

Typical storeparameteevolutionis depictedn Figure8. Thefigure shavs the protonbunchintensityandluminosity
decreasinglueto collisions. The verticalemittancealsodecreaseslightly dueto synchrotrorradiationdampingwhich occurs
with a dampingtime of about100hr. Dueto theuseof gradientmagnetsn the Stagel collider the horizontalemittance
actuallywill beanti-dampedandwill increaseat approximatelythe samerate. This shouldnot be problematicsincestore
timeswill bemuchlessthan100hours.
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Storageenegy 20
Peakluminosity 1034
Numberof interactionpoints 2
Circumference 233.037
Arc averageradius 35.0
Packingfraction 89
Injectionenegy 0.9
Trans\ersenormalizedemittancerms (H&V, inject) 15
Initial bunchintensity 2.6 x1010
Numberof buncheq90%fill fraction) 37152
Total protonsperbeam 9.5x10
Averagebeamcurrent 195
Storedenegy perbeamat collision 3.0
Bendfield atstorage 20
Bendmagnefgradient 9.0
Maximumarcbeta 411
Maximumarcdispersion 1.56
Phaseadvancepercell 90.0
Betatrontunes(H, V) 218.419218.425
Transitiongamma 192.1
Max RMS arcbeamsize(inject) 1.2
Bunchspacing(53.1MHz) 5.645
18.8
Bunchlength 30
Longitudinalemittancerms (inject) 0.4
RF voltageat storage 50
Fill time 60
Accelerationtime 1000
Beamsize(rms)atIP (storage) 4.6
Total crossingangle(100 separatiorin drift space) 153
Distancefrom IP to first magnet 21
g* atlP (H& V) 30
Maximuminteractionspercrossing 20
Debrispower atIP (eachdirection) 3

SYNCHCROTRON RADIATION AT STORE

Enegy lossperturn perparticle 38

Radiationdampingtime (7o) 100
(anti-dampingin H plane)

TeV

TeV

pm

mA
GJ

T/m

deg

mm

nsec
mm
eV-s
MV
min
sec

um
prad

cm
kw

keV
hr

Table5: Nominalstoresparameter$or thelow field collider.
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2.1 Lattice

Thebulk of thelatticeis characterizedby its constructiorfrom just threeopticalbuilding blocks- arc,dispersiorsuppressing,
andstraight-sectiorcells. Unlike the HF ring, the LF ring arcandsuppressocellsareconstructedrom combinedfunction
magnetsParameterslescribinghesestandardnodulesappeatin Table6. (The LF andHF ring geometriesredetailed
elsavhere). Thearcandsuppressocellshave spaceallocatedat maximums3 sitesfor 4 correctionelements Additional
correctorspaces availableatthe quartercell locations(3, = 3,) for lumpedcorrectionof systematienultipoles.[3]

Cell Type || CellLength(m) | MagnetType || Lyagnetic (M) | #/cell | B(T) | B’ (T/m)
Arc 270.973 GF/GD 65.75 4 1.966| +9.278
Suppressof 203.230 GSF/ GSD 48.81 4 1.766 | +£16.687
Straight 270.973 QF/ QD 6.10 4 0 +69.333

Table6: Cell andmagnetparameterg® 20 TeV/c of the standard_F optical units. With 90° of phaseadwance/cell 3,4, =
411m, andn, e, = 1.56m.

Figure9 illustratesthe lattice functionsatinjectionthroughthe singleclusterof specializedtraightsectionsn thering. Two
utility straightsgachof which mustaccommodat®00GeV injectionfrom the Tevatronplusabortof 20 TeV beamsare
shavn. Thebeamscollide with a horizontalcrossingangleat two interactionpointswhereg, ... = 30cm. In aspecialcell,
midway betweerthelP’s, thebeamsaremadeto crossover betweertheinnerandouterhorizontalaperturesDiametrically
opposedn thering, amirror of this cell is installedto ensurddenticalpathlengthsfor thetwo circulatingbeams.

UT, IR & X Straights

3

(@]

25

(m)

\/67 (m1/2)
s Ty

Mx

VB

5

0 J_L ,/\/\\/\\ I ‘ M I \M 11
2500 5000 7500 10000 12500
Path Length (m)

o

Figure9: Injection lattice functionsthroughthe clusterregion containingthe IR’s, utility straights,anda singlecell (center)
wherethe beamscrossbetweertheinnerandouterapertures.

2.1.1 Interaction Regions

Thefinal foci in the IR’s areanti-symmetridriplets,formedfrom single-bore 300 T/m magnetsFour additionalquadrupole
circuits,comprisingdouble-bore70 T/m magnetsarealsousedin opticalmatching.With atotal of 6 independently-tunable
guadrupoleircuitsavailableit is possibleto matchthefour 5’s anda’s from thelP to regularFODO cells, plushold the phase
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adwvanceAy constantcrosghe IR throughthe squeezérom g* = 6.00m — 0.30m. Fixing Ap eliminatesthe necessityof a
specialphasgromboneto maintainthe nominaloperatingpoint. Figure10 shavs thelattice functionsthroughthe IR during
collisions,andTable7 lists quadrupolegradientsbothat injectionandcollision.

B* =030 m ; B = 11.27 km

120 w1 1 | S [ g il |

H I oo™ =0 0™ 1 17110 [T

100:— i {
S ol g
S oo 3¢

s E

20;\ 1

500 1000 1500
Path Length (m)

o

Figurel0: IR lattice functionsin the collision configuration.

Quad# || Limagnetic | GradientdT/m) | GradientgT/m)
(m) B* =6.00m B* =0.30m

[Bmaz =575M] | [Bmaz = 11.3km]
1 10.90 F301.5 F298.2
2a& 2b 9.22 +304.3 +294.5
3 10.90 F¥301.5 F298.2
4 12.19 F51.11 +62.40
5a& 5b 12.19 +69.44 F65.51
6a& 6b 12.19 F62.00 F65.51
7 7.62 40.802 +66.69

Table7: IR gradients@ 20 TeV/c for injection (3* = 6 m) andcollision (8* = 30 cm). Throughthe squeezeAy, = Ay, =
2.250is fixed. Highlightedentriesindicatequadrupoleshatchangepolarity.

Thecirculatingbeamsareseparatethorizontallyby 15 cm throughouthearcsand70 T/m straight-sectiomuads.Four
dipoles,13.6m eachat1.97T, situatedbetweerthe Q3 andQ4 quadrupoledring the beamdogetherat theentrancdo the
triplet for collisionsatthelP. Dipolesdownstreanof the IP separatéhe beamsagainandchannethembackinto theinnerand
outerrings. A half-crossingangleof 77 ur attheIP gives10o separatiobetweerthe beamsatthefirst parasiticcrossing(e
=1.57 um @ 20 TeV).

2.1.2 Injection / Abort

To accommodat®00GeV injectionfrom the Tevatron,aswell as20 TeV protonabort,5 straight-sectiorellsaremodifiedas
shavnin Figurell. A longdrift spacg377m) is createcdby triplet focusingto producesufficientroomfor abortLambertsons

13



(notshowvn) andbeamextraction. Quadrupoleropertiesaregivenin Table8.

Quad# | Liegnetic (M) | Gradient{T/m)
1 15.18 44.57
2a& 2b 14.27 44.57
3 15.18 44.57
4 5.47 69.33

Table8: UT gradients@ 20 TeV/c for matchingbetweerthelong centraldrift andstandard=ODO parameters.

Utility Straight : Abort & Tev Injection
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Figurel1: Layoutof a utility straightsupportingopeamtransferfrom the Tevatronand20 TeV abort.

Dipolesseparate¢he circulatingbeamshroughthe UT straightto make roomfor RF cavities downstreanof the secondriplet.
Three21.54m dipolesat 2 T bendthe beamsapartby 40 cm, followedimmediatelyby 3 moredipolesthatflattenoutthe
trajectories This patternis reverseddownstreanof the RF to bring the beamdackinto standardiouble-borenagnets.

2.1.3 BeamCrosswers

With the beamsseparatedhorizontallyin the arcsit is necessaryo move the beamshetweertheinnerandouterringsto
maintainidenticalpathlengths.In the LF ring 2 cross-@er cells (Figure12) areinsertedon oppositesidesof thering. Four
rolled dipolesmove thebeamghe 15 cm from onechanneto the other Eachdipoleis 36 m at 1.944T. Thefirst dipoleis
rolled by0.12radto startseparatinghe beamsvertically, while bringingthemclosertogethethorizontally The secondendis
rolled by -0.12radto flattenthe verticaltrajectory At the crossingpointthe beamsareseparatedertically by 9 mm. With 3,
=165m, andeny = 1.57 um, thisis 17.75 attheinjectionenegy of 900GeV. Rolleddipolesafterthe crossingpointremove
thevertical offsetsandcompletethe 15 cm trans\ersetransferof beamso the oppositechannel.

2.1.4 Miscellaneouslnsertions

For momentuncollimationalocalizeddispersionwave is generatedn a 5-cell straightsection(Figure13). Four 45 m dipoles
(2T @ 20 TeV) atthe upstreanmendof the straightmove thebeamdrans\erselyby 0.36m, creating+70 cm of dispersion.
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Four moredipolesdownstreantbring the beamshackontotheir nominaltrajectoryandcancelthe dispersion.
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Figurel4: Achromaticgeneratiorof free spacdn the arcsfor damperssnales,etc.

Freespacecanbe createdn thearcsby replacingstandardarc gradientmagnetswith a shorter modifiedversionplusa small
guadrupoleln theexampleillustratedby Figure14,thereis 7.0 m of spaceat eachof the 8 locationsindicated.Throughthis
insertion,the 3’s, a's, andphaseadvanceof anarccell areexactly reproducedy a gradientmagnetwith B’ = 9.185T/m (1%
wealer thantheregulararcmagnetsplusa 2.0 m quadrupolevith B = 26.14T/m. Thelow field of the quadrupolemalesit
justalongerversionof thenormalarctrim quads.Thedispersionvave createdy the holesis cancelledocally with 90° of

phaseadvancepercell.
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2.2 Magnet aperturesand Field Quality

Therequireddynamicaperturds determinedy the availablemechanicabperture Collimatorsdefinethe limiting aperturan
mostcasesandthey areusuallyplacedat aroundée from the centerof the beampipe. This allows 3¢ for thebeam
distribution, andanother3o for injectionerrorsandorbit drifts over time. Therealdynamicapertureghereforemustbe greater
than6o in orderto avoid significantlossesof particlesat placesin thering outsidethe beamcleaningsection.

Errors,time dependentieldsandotherimperfectiondn arealmachinecannever bemodelledaccuratelyenoughin a
simulationsothe dynamicaperturecalculatedoy a simulationawaysexceedghe measuredlynamicaperture Obsenationsat
the Tevatron,HERA, and SPShave shovn thattheagreemenbetweerthe measuredndcalculateddynamicaperturevaries
betweer20-100%.As a consequencthe LHC, for example,requiresthatthe calculateddynamicapertureafter 10° turnsat
bothinjectionandcollision (with only magneticnonlinearitiesequall?s. It is usefulto considerthe sourcef discrepancies
betweerthe modelandtheacceleratgiisted for exampleby Koutchouk2] in Table9. The LHC dynamicaperture
calculationdrom [2] areprovidedin Table10.

Sourceor Uncertainty Impact| D.Aino
TargetDA after10° turns 12.0
Finite meshsize -5%
Linearimperfections -5%
Amplituderatioz; /y; -5%
Extrapolationto 4x 107 turns | -7% 9.6
Time-dependentultipoles -10%

Ripple -10%
Safetymamin -20%
Long-termDA 6.2

Table9: Sourcef uncertaintiesn the numericalcalculationof dynamicaperturefakenfrom [2].

Thelinearimperfectiongncludeorbit errorsdueto misalignmentandgradienterrorsandthe lossof 5% s assignedafter
correctionof theseerrors.Sincethe errorslisted above arejustaslik ely for the VLHC, it seemseasonabléo adopta dynamic
aperturgrequiremendf 120 after 10° turns.

Thedynamicaperturen the LHC atinjectionis dominatedby systematienultipolesin thedipoles.Thelowestorderallowed
harmonics- sextupoleanddecapole- arecorrectecby smallcorrectioncoils at the endof eachLHC dipole.

2.2.1 Scalingthe Main Injector errors

Thefield harmonicgn thelow-field magnetswill be measuredn the summeror fall of 2001. As a startinghypothesisthe
errorsin the Main Injectorareusedasa scalingbasis,assuminghatthe mechanicaérrorsscalewith the poletip gap. Thuswe
assumeahatthefield errorsin the VLHC low field transmissiodine magnetsat a poletip radiusof 10 mm arethe sameasthe
errorsin the Main Injectormagnetsat a poletip radiusof 1 inch.

Theexpansiorfor thefield errorin adipolemagnettanbewritten in termsof coeficients(b,, a,,) as

o n

A[B, +iB.](r,6) = Bo 3 (bn + i) ( r ) it (6)
n=1 Rref

Non-linearity Injection | Collision

Chromaticitysextupoles 28 ~ 70

Multipolesin dipoles 6.5 > 27

Multipolesin lattice quads ~ 12 > 27

Multipolesin low-45 quads > 23 6.5

Long-rangebeam-beankicks 6.5 6

Table10: Thedynamicaperturein unitsof rmsbeamsizes dueto variousnonlinearitiesn the LHC, takenfrom [2].
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ataradiusr andazimuthd. Here By is the maindipolefield and R, is thereferenceadius.Our assumptioris thatthe
relativeerrors arethe sameat eachazimuthé,

A[By + iB,)M!(r = 25.4mm,6) _ A[B, +iB,]"'#%(r = 10mm, §)
BMI - BYLHO )

Thebendfieldsin the Main Injectorat8 GeV andin the VLHC ataninjectionenegy of 1 TeV arenearlythesame:B} =
0.101T, By LH¢=0.098T.

We make the somavhatstrongerassumptionthatthe equalityis satisfiedfor every harmonicn sothatwe obtainthefollowing
scalingrelationbetweerthe multipole coeficientsin the Main Injectorandthosein the VLHC,

b 1 VLHC b MI
a a
: ’ nn = (254)n X : ’ nn (8)
Rref Rref_ Rref RTef
Ordern || (bn) | {(an) || o(bn) | olan)
2 -0.600| 0.000 || 0.600| 0.200
3 0.000 | 0.00 || 0.149| 0.300
4 0.300 | 0.000 0.300| 0.150
5 0.000 | 0.000|| 0.100| 0.500
6 0.000 | 0.000|| 0.250| 0.250

Table11: Systematid) andrandoms of multipole coeficientsusedfor the VLHC, scaledfrom Main Injector magnetsusing
Equation(8). The coeficientsareshavn in unitsof 10~4, atareferenceadiusof 10 mm.

Table11 shownvsthederivedharmonicdor thelow field magnetsWe have assumedhatthe measureagystematicskew
harmonicsn the Main Injectormagnetsaretheresultof thetop down asymmetnyin the magnetuswork [32]. This should
notbeanissuefor the low-field magnetsincethe buswork is symmetric,andsothe nonlinearskew harmonicshave beenset
to zero.

2.2.2 Dynamic aperture at injection

Thefield errorsin thearcmagnetswill determinethe dynamicapertureatinjectionenegy. Thefield qualityin the
transmissiorine magnetss notknow asof this writing. We assumehata goodapproximatiorto theseerrorsmaybe
obtainedby scalingthe errorsof the Main InjectormagnetsThe dynamicaperturds calculatedy trackingsingleparticles,
usuallyfor 1024turns,throughmagnetswith theseerrors. The mainissueis to determinevhetherthefield quality is good
enoughto meetthetargetsetfor the acceptablelynamicaperturelf not,anonlinearcorrectorsystenthatincreaseshe
dynamicapertureto thetargetvaluemustbedeveloped.

Ouraim hereis to make a roughestimateof the dynamicaperturewith alimited numberof initial conditionsandwith asmall
subsebf machineimperfections Thesecalculationsanberefinedat a later stagewhenmoreinformationon thefield quality
is available.For mostcalculationgeportechere,particlesaretrackedfor 1024turnswithout synchrotroroscillationsin a
perfectlyalignedlattice. The only nonlinearitiesarethe chromaticitysextupolesandthefield errorsin thearcmagnets.
Sourceof couplingarenotintroducedso correctionwith skew quadrupoless not necessaryThefractionaltunesaresetto
the Tevatronvaluesy, =0.581,v, = 0.575.

Figure15 shavs thedynamicaperturewith only chromaticitysextupoles,only randomerrors,only systematierrorsandall
theerrors.Thedynamicaperturawith all errorsis nearlythe sameasthatwith only therandomerrors.Figuresl6and17 shov
thedynamicaperturesvith only randomandwith only systematierrors.

Trackingupto 1024turnswith all thefield errorsat injectionshaws thatthedynamicaperturas about20s asshowvn in
Table12. Increasinghe numberof turnsto 100,000typically resultsin adecreasef thedynamicapertureby about2-3o.
Thiswould indicatethatthetargetdynamicapertureof 120 at 100,000turnsshouldbe metwith this setof assumectrrors.

Improving the dynamicapertuie

Theimpactof linearcouplingis reducedvhenthereis a differencein theinteger partof the horizontalandverticaltunes.In
theperfectalignedlatticethereareno sourcef linearcoupling. Neverthelessve studiedthe influenceof tunesplitson the
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Dynamic Aperture of VLHC Low Field Lattice

Atinjection energy 1 TeV, (v,=0.581,v,=0.575), normalized emittance(): 1.5mmm.mrad
40.0 T T T T T T T

G—© With only chromaticity sextupoles(CS)
350 [ B—=8 With CS & random errors

With CS & systematic errors
»—x With CS & random & systematic errors

30.0

25.0

y (o,

0.0 5.0 100 150 200 250 300 350  40.0
x(o,)

Figure15: Dynamicapertureatinjectionwith only chromaticitysextupoles,only randomerrors,only systemati@andall errors.

Errors DynamicAperture(o)
Average| Minimum
Only chromaticitysextupoles(CS) 30.9 25.4
CSandonly randomerrors 20.0 18.4
CSandonly systematierrors 23.4 21.1
CSandall errors 19.7 184
CSandonly randomerrorsando (b)) = a(a2) = 0 20.4 18.6
CSandonly randomerrorsando (bs) = o(az) =0 20.2 17.6
CSandonly (b2) # 0 315 25.2
CSandonly (bs) # 0 24.5 21.1

Table 12: Dynamic apertureat injection enegy with varioussetsof errorsin the arc magnets. Theseresultsshov that the
randomerrorstogetherhave a somavhatlargerimpacton the dynamicaperturehanthe two systematicomponentsb. ), (bs).
Thedynamicaperturewith all the errorsis aboutthe same(200) aswithout the systemati@rrors.
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Dynamic Aperture of VLHC Low Field Lattice

At injection Energy 1 TeV, (v,=0.581,,=0.575), normalized emittanced(t 1.5rmm.mrad
0 T T T T

G—=© with random errors
E—=a with random errors, but o(b,)= o(a))=0.
&——= with random errors, but a(b,)= o(a))=0.
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Figure16: Dynamicapertureatinjectionwith only randomerrors.

Dynamic Aperture of VLHC Low Field Lattice
At injection energy 1 TeV, (v,=.581y,=.575), normalized emittancef}:1.5rmm.mrad
T

45.0 T T T T T T T
6—O With CS & systematic errors
40.0 B—4 With CS & systematic errors, but <b2>=0. +
4——=& With CS & systematic errors, but <b4>=0.
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Figure17: Dynamicapertureatinjectionwith only systematicerrors.
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dynamicaperturefor thecases/, — v, = £2, +4, £6. In no casedid the dynamicaperturémprove andin somecaseshe
aperturewvasreducedsignificantly presumablydueto the betabeating.

If atafuturestagetherevisedfield harmonicshav thatthe systematicomponenthave a significantimpacton the dynamic
aperturethenoneway of mitigatingtheir effectsis to alternatethe signsof the systematicomponentsftereverycell. The
polaritiesof thefield componentganbe switchedby reversingtheleadandreturnendsof the magnet.This requiresnot only
rotatingthe magnet®ndto endbut alsopoweringthem“backwards”. In this scenariothe evennormalcomponentgb.,,) and
the odd skew componentga»,+1) changesign[33]. If the systematicomponentéiave oppositesignsbetweeradjacentells,
therewill apartialcancellatiorin thesignsof thenonlinearkicks andtheamplitudegrowth will notbeasstrong.Thedynamic
aperturewith a configuratiorwherethe signsof all the systematicomponentgb,,) reverseevery successie cell wasstudied
andwasfoundto increasehe dynamicaperturesignificantly

2.2.3 Dynamic apertureat collision

Thedynamicapertureat collision opticswill bedominatedby thefield errorsof the IR quadrupoleslueto the largebeam
sizesin thesemagnetsThisis truefor the LHC designandwasalsotruefor the SSCdesign.ThelR quadrupolesvith their
high gradientswill be built with “conventional”superconductingnagnetsThe nonlinearharmonicdn thesemagnetsare
muchbetterunderstoodollowing decade®f developmentandalsothroughthe Fermilabprogramof building these
qguadrupoledor the LHC. Theerrorsin thearcmagnetsuilt with conventionaltechnologyusuallyarenot significantin
determiningthe dynamicapertureattop enegy. For example thetargetdynamicaperturen the LHC attop enegy is setat
120 with only the IR quadrupoldield errors.We will adoptthe sametargetdynamicapertureof 120 in the simulations.
Thearcmagnetsn the stagel collider, however, arebuilt with transmissioine magnetsvhich have differentcharacteristics
from conventionalsuperconductingnagnets At high current,thefield in theiron saturateg¢eadingto a dropin thegradient
andalargenegative sextupolecomponen{b.). While thechangen gradientwill be compensatetly quadrupolecorrectorsn
every cell to maintainthe correctphaseadvancepercell, the compensatiof the sextupolecomponents amoreseriousssue.
If thenonlinearfieldsdueto magnetsaturatiorhave a significantimpacton thedynamicaperturethenthis could potentially
limit the maximumenenpy reachof thelow field collider.

Thesstraightforvardapproacho compensatinghe saturatiorb components to usethe chromaticitysextupolesin thecellsto
correctthelinearchromaticity At large|b:| thisleadsto strongchromaticitysextupoleslumpedat two locationsin thecell,
oneSFnext to thefocusingmagnet(F), the otherSD next to the defocusingnagnetD). A calculationof the dynamicaperture
at20TeV withoutthe IR errorsbut with the b, componentn thearc magnetsiueto saturatiorshowvs thatthe dynamic
aperturds quitelargeevenupto 10 unitsof b,. Thisis seenin Figure18. Theintegratedsextupolestrengthsequiredto
compensatéhe saturatiorsextupolecomponentareshovn in Figure19. At b, = 0, integratedstrengthgequiredfor theF and
D typesextupolesare(946,1761) T/m respectiely. At positive b < 3, theF sextupolesdecreas@andD sextupolesincreasen
magnitudeandvice versaatnegative b, > —3. At largerabsolutevaluesof b,, bothsextupolesincreaseén magnitude If
required additionalsextupolescould be placedin the 1 m gapbetweerthe F andD andthe D andF magnetgo correctthe
chromaticitygeneratedby theiron saturation.This would lower theintegratedsextupolestrengthsandallow for largervalues
of by to becompensated.

Theimpactof magnetsaturatiorshould,however, be determinedn the presencef the dominantfield errorsof theIR
guadrupolesWe have basedur dynamicaperturecalculationson the expectedfield errorscalculatedoy G. Ambrosioet al.
[35], shownin Table13.

Thedynamicaperturevascalculatedor threeseedgor therandomerrorswith the signsof theuncertaintiesn the systematics
alternatingoetweempositive andnegative. Therandomerrorsweretruncatedat 3o. For eachseedthe dynamicaperturevas
calculatedwvith —10 < b, < 10. Figure20 shows the dynamicapertureaveragedverthethreeseeddor eachvalueof b,.

At by = 0, thedynamicaperturedropsto around20c in the presenc®f the IR errors,comparedo avalueof around130s
withouttheseerrorsbut only chromaticitysextupoles.Figure20 shavs thatthe averagedynamicaperturevariesover asmall
rangeof 20-230 when|by| < 10. Clearlythe saturatiorsextupolesdo not have a significantimpacton thedynamicapertureat
20 TeV. Themaximumtolerablevalueof b, mayinsteadbelimited by the sextupolestrengthgequiredto correctthe
chromaticity

Somelimited trackingresultswith synchrotroroscillations(periodabout500turns)for 10,000turnsandép/p = 3 x 104
shaw thatthedynamicaperturds nearlythe sameovertherangeof —10 < be < 10. Thesepreliminaryresultsindicatethat
this rangeof variationin by maynotsignificantlylimit the momenturmaperture.
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Dynamic Aperture at 20TeV with saturation sextupoles
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Figure18: Dynamicapertureat top enegy asa function of the saturatiorb, in the arc magnetswithout field errorsin the IR
guadrupoles.
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Figure19: Strengthof the chromaticitycorrectionsextupolesasa function of the saturatiorbs.
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Ordern | (bn) | (an) | d(bn) | dan) || o(bn) | o(an)
2 0 0 | 05 | 05 09 | 09
3 0 0 | 01 | o1 03 | 03
4 0 0 | 005 | 0.05 | 006 | 0.06
5 0015 0 | 01 | 001 || 01 | 005
6 0 0 | 0.005| 0.005 | 0.005 | 0.005
7 0 0 | 0.002 | 0.002 | 0.003 | 0.003
8 0 0 | 0.0005| 0.0005| 0.001 | 0.001
9 ]0.0002| 0.0 | 0.001 | 0.0003]| 0.0005| 0.0005

Table 13: Field harmonicsof the Low Field IR quadrupole$35]. (b,), (a,) arethe systematicerrors,d(b,,), d{a,,) arethe
uncertaintiesn the systematiceindob,,, oa,, aretherandomerrors. The errorsareexpressedn unitsof 10~4, atareference
radiusof 10 mm.

Dynamic Aperture with IR Errors and Saturation Sextupoles
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Figure20: Dynamicapertureasa function of the saturatiorb, in the arcmagnetswith errorsin the IR quadrupolesTheerror
barsrepresenthe variationover threeseeddor the randomerrors. The dynamicaperturedoesnot changesignificantly over
this rangeof bs.
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2.3 Tolerancesand Corrections
2.3.1 Arcs

Closedorbit

Distortionsof theidealclosedtrajectoryin the collider will be primarily generatedby trans\ersealignmenterrors.The
trajectoryin the horizontalplanewill alsobeinfluencedby errorsin the mainbendfield of the magnetsandthevertical
trajectorywill befurtherdistorteddueto roll errorsin themainbendingfield.

For abendingmagnebf length L with gradientB’ whichis displacedrans\erselyfrom its ideal positionby anamountd, a
particlewith magnetiaigidity Bp = p/e will haveits trajectorydeflectedhroughanangled = (B'L/Bp) - d. For thelow
field collider, the gradientmagnetsave lengthsroughly equalto the half-celllengthandwill besupportedalongits lengthby
severaladjustablenagnetstandsIf thearcmagnetsaredividedinto n equal-lengttsectionsor supportandalignmentthen
thermsexpectedclosedorbit deviationsin the horizontal(z) andvertical (y) degreesof freedomat maximumg3 locationsin

thearcsaregivenby
/ B L 1 (B'dpms\”  [(AB)\’
A-f:co — 0 _ df + [ —
2| sin 7r1/| n By By /s
[N 1|/ Bdms\>
AACO — - TS 2
Y 2| 51n7ﬂ/| < ) \l n ( By ) * Tms]

where(AB/By)rms is thermsfield strengthdeviation of thefull magnetd,...s is thermsdisplacemenatthen locations,and
drms IS thermsroll angle(with respecto vertical)atthen locationswithin a half-cell. N is the numberof half-cellsin the
collider.

For typical valuesof theabove variableswe usen = 5 overahalf cell lengthof L = 67m, 8 = 411m, (8) = 250m, B, = 2T,
B'=9T/m,dpms = 250 um, ¢ms = 0.5mrad,and(AB/B,) = 10~*. Fromadistribution of errorsoverthe 780arccellsin
thecollider, we obtainexpectedmsorbit errorson the scaleof

and

AZep ~ 9.5 mm,

Afe, & 10.3 mm.

Theclosedorbit will clearlyventureoutsideary reasonabl®eampiperadius.
To correctthe orbit distortions we assumalipole correctorsareplacedat maximumg locationsin thearcs,anda standard
3-bumpalgorithmis performed.The correctorstrengthnecessaryo performthe correctionusingthe parameterintroduced

aborewould be
_ V2 (B (BoL\ [1(B'dms\* (AB)’
“ sinp \| B Bp n By By ) s

o2 2 (5) 3 ](B) von

wherey is the cell phaseadvance.For p = 90°, andthe sameparametewaluesasbefore thermscorrectorstrengthsare

and

0, ~ 2.3 pyrad,

0, ~ 3.2 prad.

At 20 TeV, a 3 yrad bendanglerequiresanintegratedfield strengthof 0.2 T-m. To beableto correctatthe2.5-v level, the
steeringcorrectorsshouldhave strengthof approximately0.5 T-m

Quadrupolesaturation

Thequadrupolegradientin thetransmissiodine magnetgropssteeplyat high fieldsdueto saturatiorof theiron. Quadrupole
correctorspnein eachplane,will beplacedin every arccell to maintainthe requiredphaseadvanceof 90° percell. At present
thesecorrectorsaare0.5 m long andplacedat the beginning of eachhalf cell. A 5% dropin the gradientof the mainmagnetsat
2.0TeV will requireagradientof 80 T/m in thesecorrector¢o maintainthe phaseadvancein thecells.
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Tunecontol

Sourcef errorsin thetuneincludegradienterrorsandclosedorbit distortionsin the nonlinearmagnetsQuadrupole
correctordn thearcswill beusedto controlthe globaltunesandto split theintegertunesto reducethe sensitvity to
systematidinearcouplingsources.

Betabeating

It will beimportantto restrictthe beta-beatingo alow valueeverywhere pothfor on-momentunandoff-momentum
particles.It will be speciallyimportantto isolatetheinteractionregionsfrom beta-beatingrrorsgeneratealsavherein the
ring. Quadrupolestthe entrancesandexits of thearcsandatthe entrancesndexits of the straightsectionscanbe usedto
controlboththeamplitudeandphaseof AS/ .

Coupling

Sourceof couplingincludeskew quadrupolesrrorsin the mainmagnetsrolls of thegradientmagnetsandvertical orbit
distortionthroughthe nonlinearmagnetsThetolerancdor the allowed couplingmay be setby requiringthatthe minimum
tunesplit belessthan0.05beforecorrection.Largervaluesmake couplingcorrectionwith skew quadrupoleglifficult.

Skew quadrupoleplacedin regionsof horizontaldispersiorwill generateverticaldispersiorwhich will needadditional
correction.lt is thereforepreferableo placethesequadrupoledn straightsections.Two familiesof skew quadrupolesn the
utility straightsectionsandthelRswill besufficientto controlthe effectsdueto the differenceresonance, — v, = p. These
familieswill beplacedsothatthedifferencein phasesp, — ¢, differsby 7/2 atthefamilies. The couplingsumresonance
v, + vy, = p mayalsoneedto be correcteddependingn the strengthof the skew quadrupoleerrors).In this casean
additionaltwo familieswill berequired placedsothaty, + 1, differsby =/2 atthesefamilies.

Dispeisioncontrol

Normalquadrupolggradienterrorsandskew quadrupolegradienterrorswill contributeto horizontalandverticaldispersion
beatingrespectrely. Theerrorsgeneratedn thearcsandutility straightsectionswill becorrecteceitherby quadrupole
correctorsor by the closedorbit correctorslt will beimportantto keepthedispersioratthelPsvery small. Local dispersion
correctionwithin theIRs will be necessaryo correctthe dispersiorgeneratedby the crossingangle.

Chromaticityandmomentundependenbetafunctions

Thelinear chromaticityis controlledby two familiesof sextupoles,onein eachplane,placedin every arccell. This will
suffice providedthe nonlinearchangeof tunewith momentumis small over therequiredmomenturmaperture If theglobal
nonlinearchromaticityrequirescorrection thentwo familiesof sextupolesin eachplanefor the 90° cellswill berequired.It
would thereforebedesirableo placesextupoles(of saythe F type)in every othercell on onebusandthe otherfamily of
sextupolesin the othercellson anotherbus. Similarly for the othertype.

In additionto the chromaticitydueto the quadrupolesthereis additionalchromaticitydueto sextupolefields causedy iron
saturatioratfieldscloseto 2 Tesla. This chromaticitymustalsobe compensatelly the chromaticitysextupoles.This hasbeen
discussedh the sectionon the dynamicapertureat collision.

If the betafunctionis stronglydependenbn the momentumthenit canleadto anincreasedpotsizeif notcorrectedatthe
IPsandto emittancegrowth dueto injectionerrorsif notcorrectedat theinjectionpoint. Correctingthe momentum
dependencef thebetafunctionswill requireadditionalsextupolefamilies.

2.3.2 IRs

Alignmenttolerancesn theIRs
Thesetolerancesiremorestringentfor the IR quadrupoleshanfor arny othermagnetsn thering. Severalcriteriahave to be
metincluding:

¢ DispersionatthelP shouldbe small,bothto attainmaximumluminosity andto avoid synchro-betatronesonances.
e Beamexcursionsn thetriplets shouldbelimited to presere the dynamicaperture.
e Separationdetweerthebeamsatthe parasiticcollision pointsshouldnot decrease.

Table14 shownstheeffectsof the IR quadrupolanisalignment®n the beamoptics. In the IR quadrupoleshe betafunctions
changerapidly andarenot symmetricaboutthe quadrupolecenter As a consequencgitch andyaw misalignmentswill
introducesubstantiabeamseparationsatthe IPsif notcorrected Dueto thecrossinganglearoll misalignmenbf anIR
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qguadrupolewill introduceorbit shiftsin the planeorthogonato the crossingplane.Thisis in additionto the extra coupling
generatedby theroll angle. Thusmisalignmentsn all six degreesof freedomof theselR quadrupoleseedto bewell
controlledandcorrected Otherdeformationsn straightnesssuchasthe naturalsagof the magnetsmustbe correctedwith

MISALIGNMENT EFFECT

Trans\ersedisplacements  Orbit shift
Tuneshift (with nonlineamagnets)

Longitudinaldisplacement Tuneshift, betabeat,dispersiorbeat

PitchandYaw Orbit shift
Tuneshift (with nonlineamagnets)

Roll Enhancedaoupling,orbit shift(with crossingangle)
Betabeat,dispersiorbeat

Table14: Rigid misalignment®f quadrupolesndtheir effectson the beamoptics.

the supportstructureof thesemagnets.
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Offsetsat theIPs
Theorbit offsetatthelP z,5¢s.¢ (I P) dueto atrans\ersedisplacemenfAzg of anIR quadrupolgassumedo beat 90 degrees
fromthelP) is

zoffset(IP) \V4 B*BQ
AzQ x F (9)

Heref is thebetafunctionatthe quadrupoleand F' is the focal lengthof the displacedjuadrupole The maximumoffsetof
the quadrupolehatcanbe correctedwith orbit correctorss proportionalto thisratio z, 7 rse¢ (IP) /Azg. In Table15we
comparehe parameteror the quadrupolevherethe betafunctionis thelargest. Tolerancedor the LHC quadrupolesvere

Parameter LHCIR | VLHC (LF) IR
B* [m] 0.5 0.3
gmer [m] 4567 11263
Focallength F' [m] 21.2 18.7
zoffset(IP)/AzQ ~ 2.3 ~ 3.1

Table15: Parameter®f the strongestR quadrupolén the LHC andthe VLHC

derivedin [34]. Thermstolerancefor the offsetwasobtainedto be 0.27mm. Scalingthis numberby theratio 2.3/3.1,we
obtainatoleranceof 0.2mm for the VLHC IR quadrupolesThis assumeshatcorrectorstrengthsimilar to thosein the LHC
(in kick angle)will beusedin the VLHC.

Correctordo correcttheorbit atthe IP arebestplacedat 90 degreesrom theIP. As in the LHC, correctionpackagesvith
dipoleandskew dipole correctioncoils shouldbe placedat several high betalocationsnext to the IR quadrupolesSpaces
betweernQ2 andQ3 andafter Q3 would beideallocationsfor thesecorrectors.
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Quadrupoleroll angles

Tolerance®ntheallowedroll anglesof the IR quadrupolesnay be setby specifyingthe minimumtunesplit tolerablebefore
correction.We will assumehatthis tunesplit dueto roll anglesin all sixteenquadrupole$rom thetwo IRs s lessthan0.05
beforecorrection.The minimumtunedifferencedueto aroll angleA¢ is givenby

™

An rmsroll angleof 0.5 mradcanbetoleratedfor the IR quadsassuminghatall the IR quadrupoleassembliescludea skew
qguadrupolecorrector

Normally two familiesof skew quadrupolesrerequiredto correctboththerealandimaginarypartsof the couplingresonance
term. Howeverthe phaseadwancethroughthe IRsis very smallandsotheimaginarypartof theresonanceéermis negligibly
small. Thusonly asingleskew quadrupoleon eachsideof theIP will suffice to locally correctthecouplingin thelR. The
integratedstrengthof the skew quadrupolecorrectormay be calculatedrom [34]

1

KDgew = ———R 11

D (Ven)s cosh, .
8

R = 2 Z(\/ Bz By)iKiAd;l; cos 8; (12)

The phaseargumentat a quadrupoledistants fromthelP is 0; = [, — 9, — (v2 — vy — p) £]i- R istherealpartof the
differencecouplingresonancéermdrivenby therolled quadrupolesn theIR, eachwith aroll A¢; wherei runsoverall the
eightquadrupolesn eachlR. Theseexpressionganbeusedto calculatethermsroll anglethatcanbe correctedwith the
availableskew quadrupolecorrectors.

Table16 summarizeshe misalignmentolerancedor the IR quadrupolesThesearebasedn scalingfrom toleranceslerived
for the LHC andshouldbereplacedat a later stagewith moreexactcalculations.

Misalignment Tolerance
Offsets[mm] 0.2
Longitudinalplacemenfmm] 1

Roll [mrad] 0.5

Table16: Misalignmenttolerancedor the VLHC IR quadrupoleslerivedby scalingfrom the LHC IR quadrupoleolerances
[34].

Crossingangle
A crossingangleis requiredto separatéhe beamsat the parasiticcollisions. As is well known, the crossinganglehasseveral
effectson thelinearandnonlinearopticsandbeamdynamics.Someof theseeffectswhich requirecorrectioninclude:

¢ Dispersiorwave dueto orbit offsetin the quadrupoles
e Changen couplingdueto skew multipole errorsin the quadrupoles
e Feeddown of higherordermultipoles.

Local dispersiorcontrolis requiredto preventthe dispersiorwavesfrom propagatingnto thearcs.This canbe performed
adjustingpairsof quadrupolesn the cellsadjacento the IRs wherethereis naturaldispersion A schemesuchasthis was
proposedor the SSC[36]. Correctionof local couplingfrom this andothersourceswill requireskew quadrupoleén thelR as
alreadymentionedThelineareffectsfrom feed-davn of higherordermultipoleswill be correctedoy orbit andtune
correctorsNonlineareffectswill requirenonlinearcorrectionpackagesn thelRs similar to thosein the LHC andRHIC.
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Local chromaticitycorrection

A local chromaticitycorrectionsystemfor the IRs wasproposedor the SSC[37] which increasedhe momentumaperture
from about2.5s,, with linearchromaticitycorrectionto about8s,, with correctionof the nonlinearchromaticitygeneratedy
thelRs. A similar suchsystemmay berequiredfor theIRsif the momentumapertureneedso beincreased.

2.4 Ground motion and emittance growth

We have measuredhe slow groundmotionin 300-ftdeepdolomiteConcominein Aurora,IL, about3 mileswestof Fermilab
Thegoalof the studiess to recordandanalyzeverticalgroundmotionin 8 pointsseparatethy 30 metersover atime interval
of aboutl year The experimentin Auroramine startedn October2000. Thefirst datarevealthatdolomitemine motionis
rathersmallandcanbedescribedy the ATL law with coeficientof A = (6.8 + 2.7) x 107 mum? /m/s [3]. Theresulting
maximumorbit distortionin the VLHC which will be causedy thatis of theorderof 9 mm/, /year.

Theonly dravbackof the Auroramine experimentis too few sensorghatlimit statisticsfor studiesof spatialcorrelations.
Thereforea systemwith about20 sensorss neededandlong term measurementshouldberepeatedn thelargerscale.
Analytical/computestudiesof the slow groundmotioneffectsandorbit correctionsystemandproceduresnustbe performed.
Turn-to-turndipole magnetidfield fluctuationsandvibration of quadrupolenagnetsareof concernbecauséhey canexcite
coherenbeammotion. If themotionis notcorrectecoverthedecoheencetime of aboutl /&yeqm—pearm ~ 1000 turns,then
thecoherenmotionwill be convertedinto trans\erseemittancencreaseandcancausesubstantiabmittancegrowth over
about10 hoursof the store.Sofar, experimentallymeasuredhigh-frequeng groundor magnetvibrationsdo not posea big
problemfor VLHC [5]. Neverthelessmoredetailedanalysison how thelattice may affect thetolerancess neededFor
examplereferencd4] claimsthattolerance®n vibrationamplitudein alattice with combinedfunction magnetss about3
timesthetolerancesn a separatedunction FODO lattices.

In 1999we carriedout experimentaktudiesof high-frequeng magnetidield fluctuationsin the Tevatronsuperconducting
dipole magnetandfoundthateffective rmsdB/B ~ 10~1° thatis about10timesthetoleranceor the VLHC, i.e. thatmight
causeemittancedoublingafterabout6é minutes.The measurementsave to berepeatedn the VLHC dipole prototypes.
Again, we needto analyzeandperformcomputersimulationsfor latticeswith separate@ndcombinedfunctionmagnets.
Suppressionf the emittancegrowth canbe providedby low noisefeedback Thefirst analysisof the FB is presentedh [6].
The systemhasto have sub-micronequialentinput noise.Designandtestof sucha systematthe Tevatronis a very desired
VLHC beamphysicsR&D.

2.5 Stability issues
2.5.1 TheRings,Injection, and RF

The presenvery-laige-hadron-ollider (VLHC) designconsistof two stages[38] In Stagel, bunchesareinjectedfrom the
Tevatroninto the low-field ringsat 900 GeV andareacceleratedio 20 TeV. In Stage2, bunchesrom thelow-field ringsare
extractedat 10 TeV andinjectedinto the high-fieldringsandacceleratedio 87.5TeV. Low-field impliesthereachingof

1.96 Teslawhile high-fieldimplies 10 Tesla.Therings of bothstagesarechoserto be of the samesize,2r R = 231.727 kmin
circumferenceandsamerf frequeng. In orderto have shorterbunchestherf frequenciesn bothstagesarechoserf times
higherthanthatof the Tevatron,sothatthe bunchesn the VLHC will be separatedby 9 rf buckets. Therf harmonicis

h = hyR/R; = 369432, whereh, = 1113 is therf harmonicof the Tevatronand R, = 1.0 km is its meanradius.

In this paperwe concentrat®n the stability issuesof the low-field ringsonly, wheretherf voltagehasbeenchoserto be

Vie = 50 MV. In orderto avoid or reducethe possibility of longitudinalandtrans\ersesinglebunchinstabilities therms
bunchareaof bunchednsidethe VLHC bucketsarechoseras A = 2.0 eV-s,very muchlargerthanthe A, = 0.359 eV-srms
buncharea[39] of the Tevatronbunchesat 900 GeV. However, with V¢ = 50 MV, themaximumenegy spreadandbucket

areaare,respectiely,
[ﬁ] =2 5091073 (13)
E bucket 7Th|77|E
Apuer = = [2VHE _ 501 evis, (14)
wo \| hn]

wheren = 2.91 10~° is theslip factorof the VLHC ringsin bothstagesyfy = wo/(27) = 1.294 kHz their revolution
frequeng, andE = 900 GeV theinjectionenengy. This bucketis definitelytoo smallfor therms2 eV-s bunch.In the
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discussion®elow, we assumehatthe bunchedn thelow-field ringsinjectedfrom the Tevatronwill beof rmsbuncharea
0.359eV-s. By theway, the Tevatronrf hasits maximumvoltageat 1 MV only, thebunchlengthbeingtoolong andthe
momentunspreadoo smallto fit the VLHC bucketsatinjection. Thus,the Tevatronbunchesnustbe shortenedy eithera
bunchrotationor theinstallationof a higherrf voltagebeforethetransferto the VLHC is possible.Somerelevantrf andbeam
parametersf the VLHC ringsarelistedin Table17 for corvenience.

A bunchexcitedby forcesin the vacuumchambeioscillatesin thelongitudinalphasespacan modesdescribabldy theradial
modeparameter,. designating:, radialnodesandthe azimuthalmodeparametefn designatingm| azimuthalnodes.For a
givenm, themosteasilyexcitedradialmodeis n,, = |m| andonly theseradialmodeswill beincludedin thediscussiorbelow.
Almostdistribution independentthe spectrunfor the modedesignatedby m # 0 peaksatfrequeny

o Im+1
DY

fim) (15)

wherer, is thetotal lengthof the bunchin time. In Gaussiardistribution, we approximatet by the 95%lengthr, = 2v/60,
whereo, is thermsbunchlength. Actually, the spectrunof this modeis nonzeroonly at the m-th synchrotrorsidebandsf,
respectiely, therevolution harmonicdor longitudinaldiscussiorandthe betatrortunelinesfor transwersediscussionFor

m = 0, thespectrumhasa frequeng spreadrom — f(q) to + f(oy with f(oy givenby Eq. (15). Both f(o) and f(, arelistedin
Table17. Notethatthesefrequenciedor the VLHC bunchmodesarein the GHz range.

2.5.2 Resistive Wall

Thelongitudinalimpedancef thewall of a cylindrical beampipe of radiusb is, atangularfrequeng w or harmonicn,

7, SBp
2] =)+l (16)
wall,cyl 1

n
5 =2 (17)
Wo

is the skin depthat therevolution harmonicandy the magnetigpermeability The VLHC beampipesfor thelow-field ringsare
warmwith anelliptical crosssectionof radii A = 9 mmandw = 14.0 mm. Thelongitudinalimpedances givenby

wherep is theresistiity of thebeampipewall and

QI
N | wan N | wall,cyl
with b = h, while thetrans\erseimpedances
2R [Z
Zvbon = 3¢ | 2] P, 19)
i wall h? n wall,cyl w

with |n|~1/2 replacedby |n — v|~1/2. In above, theform factorsare F, = 0.938, F,, = 0.821, andF, = 0.408, for this
particularelliptic beampipe. Thesearecomputedor analuminumbeampipe (p = 2.65 10~8 Q-m atroomtemperaturesind
acopperbeampipe (p = 1.70 10~8 Q-m atroomtemperature)Theresultsaretakulatedin Table18.

Pawer dissipatecatthewall of the beampipe by M buncheseachcontainingV, protonsis

PoT() M [Nbecr [@] /2 4 (20)

27 2 0?/2[) ’

wherel“(%) = 1225416702 is theGammafunctionat%, andthe beampipe hasbeenapproximatedo be cylindrical with

radiusb. Notethatthe power lossis proportionalto 0[3/2 wheresy = o, ¢ is thermsbunchlengthandc thevelocity of light.
As is displayedn Table18,the powerlossin eachaluminumbeambeampipeis 30to 27 kW for injectionto storage For each
copperbeampipe,the powerlossis 24to 21 kW.

In the VLHC, theresistize wall impedancesf the beampipe dominatebecaus®f its large sizeandsmallpiperadii. At afixed
frequeng! w/(27), thewall impedancescaleas

z 1 [R 1 [Re
| by 7z — =
[ - ]m" <\ and [Z 1] gann =V 5 (21)

1| ooking at afixedrevolution harmonic theright sideof eachequatiorin Eqs(21) and(22) shouldbe multiplied by a factorof v/R.
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Table17: Parametersf the VLHC ringsin Stagel atinjectionandstoragemodes.For thelastrow, seeSec.2.5.5.

STAGE 1
Injection Storage

Ringsand RF
CircumferenceC' =27 R 231.727 231.727 km
Enegy E 1.0 20.0 TeV
Bunchseparation 9 9 buckets
Rf harmonich 369432 369432
Rf voltageV,¢ 50 50
Slip factor 2.19010°° 2.19010°°
Synchrotrortunev; 846102 1.791073
Max. enegy spread 2.09107%  4.4410~*
Bucketarea 5.013 23.631 eVs
Betatrontunevg 214 214
Beams
Bunchfrequeny 53.105 53.105 MHz
Bunchfilling 90% 90%
Numberof bunches 36943 36943
NumberperbunchN, 248100 248100
rmsbuncharea 0.359 2.00 eVs
rmsbunchlengtho,/o 6.03/0.201 6.55/0.219 cm/ns
rmsenegy spreadrs 6.31107*  1.4610~*
Freq.atbunchmode

m =0, f(o) 0.507 0.467 GHz

m =1, fu) 1.015 0.934 GHz

Mesr = 0.304, fm.q) 0.169 0.156 GHz
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whereR is theradiusof thering. Onthe otherhand,theinductive partsof theimpedancesf the beampositionmonitors
(BPMs),for example,scaleas

1 vR

LY X m and [ZL]BPM 0.8 % ) (22)

n ]BPM

wherewe have assumehatthe betatrontuneandthereforethe numberof BPM setsscaleasy/R. Thecontritutionsof the
BPMsareplottedalongsidewith the contributionsof theresistive wall in Fig. 21. We seethatthe contributionsof the BPMs
areaboutanorderof magnitudesmallerthanthoseof theresistve wall, evenif thecold copperpipesaretakenasreference.
Thedervationof theBPM impedancess givenin the Appendix.

2.5.3 Potential-Well Distortion

Thebunchof theprescribedengtho, andenegy spreads listedin Table17 will matchtherf bucket setup atthevoltageof
Vir = 50 MV (or 200MV for Stage2 at storage)In the presencef aninductiveimpedancéin Z) /n, the particlesinsidea
bunchseeanadditionalforce proportionalto the gradientof the particledistribution. Providing thatthe bunchis short,abeam
particleatatime advancer with respecto the synchronouparticleseesa potentialdropor voltageof

eNy, ImZ t
\/27‘(’&)00’2 n oy’

whichis to be subtractedrom therf voltagesuppliedby the klystron. Thus,for aninductive impedancettherf harmonic,
thisinducedvoltagecounteractshe suppliedrf voltage.The bunchshapewill bedistortedandits lengthincreasedAs an
illustration,we evaluatethis voltagedistortionat the 95% of thebunchor r = V60, . As shavn in Table18, thisinductive
voltage,Vinq, is lessthan1 MV for thealuminumpipeandcopperpipe. Sincethe low-field beampipewill be madeof
aluminumwith or withoutaninternalcoppercoating,the bunchshapewill notbeaffectedmuchby theinductive wall. In
otherwords,potential-vall distortionis of noimportanthere.

V;nd =

(23)

2.5.4 Longitudinal Mode-coupling

For only motionin thelongitudinalphasespacemodem = 0 representstaticmotionlik e the potential-welldistortionthatwe
discussedbefore. The next modesarethe dipolemodem = 1, quadrupolenodem = 2, etc. In thepresencef coupling
impedancethe synchrotrorsidebandsreno longerequallyseparatedvith the m-th sidebandat +muv;, fo. Them = 2
sidebandvill move towardsthem = 1 sidebandascouplingimpedancend/orbunchintensityincrease Whenthetwo
sidebandsnemgeinto one,them = 1 andm = 2 modescoupleandaninstability develops.This instability is not death
threateningstability will beregainedafterthe bunchis lengthenedindtheenegy spreadncreasesThethresholdof the
instability is givenapproximatelyby, for Gaussiardistribution,

ﬂnZ” < 27T|T}|EU% (24)
no ey elpk
wherel,x = eNy /(270 ;) is thebunchpeakcurrent,andthe effectiveimpedances
ﬂ?’bZ|| / w w Wo m(w)
- = , (25)
" e /dwhm(w)

andh,, (w) thepower spectrunof modem and | dw impliesdiscretesummatioroverall them-th synchrotrorsidebandsThe
longitudinalmode-couplingstability limits arelistedin Table18for varioussituationsof VLHC operation.Theinstability will
developfirst nearm = 1. Thuswe evaluatetheresistve wall impedanceat f(,), with resultsshavn in Table 18. We seethat
with analuminumbeampipe,theimpedanceZ; /n at f(,) in Stagel is only 0.051/0.0532 atinjection/collision,andis very
muchlower thanthe stability limit of 6.26/8.05. Thus,nolongitudinalmode-couplingnstability will occut
Let usunderstandhow the stability limit scalesasthesizeof theacceleratoring increasesNoticethat|n| ~ u/;z in aFODO
lattice andthereforescalesas|n| o« R~1. Thereforewhentheimpedancef thering is dominatedby theresistize wall, the
microwave stability criterionin Eq. (24) scalesas,atafixedfrequeng,

Aoy Aog

1/2 < Aos
BEERRL SN,

(26)
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Figure21: LongitudinalimpedanceZ; /n (upperplot) andtrans\erseimpedancélower plot). In eachplot, from top: realor imaginaryparts
of resistive wall contritution for analuminumbeampipe anda cold copperbeampipe. Lower cunes: realandimaginarypartsof the BPM
contritution. All beampipesareelliptical with radii 9 mm by 14 mm. Onesetof BMP striplines,eitherhorizontalor verticalis assumedt
eachlocationof a FODO quadrupole Eachstriplineis of length8 cm subtendinganangleof 30° atthe centerof the pipe.
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Table18: Collective instability limits of the VLHC bunches.

STAGE 1
Injection Storage
Beampiperadii h/w 9/14 9/14 mm
Rf voltageV,¢ 50 50 MV
Mode couplinglimit (Z/n)em 6.26 8.05 Q
Mode couplinglimit (Z )es 112 576 MQ/m
Resistvity of aluminump 2.65107% 2.65107% Q-m
Skindepthatn =1, §; 0.23 0.23 cm
Wall imp. atn = 1, [Z) /n], 44.7 447 (1+5)Q
(Z1 )1 3.5610*  3.5610* (1+j)MQ/m
Re or Im(Z) /n)wan atrf freq 0.0736 0.0736 Q
Voltagedistortion 0.869 0.735 MV
Re or Im(Z)| /n)wan atm = 1 0.0505 0.0527 Q
Re Orﬂn(ZL)wau atmesr 98.5 103 MQ/m
Powerloss 30.3 26.7 kW
Multi-bunchgrowth time 1.20 26.8 turns
Resistvity of copperp 1.7010~% 1.7010~% Q-m
Skindepthatn =1, §; 0.018 0.018 cm
Wall imp. atn = 1, [Z)/n] 35.8 358 (1+j)Q
[Z1]1 28.510° 28.510°  (1+7)MQ/m
Re or Im(Z) /n)wan atrf freq 0.0589 0.0589 Q
Voltagedistortion 0.696 0.589 MV
Re or Im(Z /n)wan atm = 1 0.0405 0.0422 Q
Re Orﬂn(ZL)wau atmesr 78.9 82.3 MQ/m
Powerloss 24.3 21.4 kW
Multi-bunchgrowth time 15 33.4 turns
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whereEq. (21) hasbeenused.Thustheinstability becomesvorsenas+/R asthesizeof thering increases.

2.5.5 TransverseMode-coupling

With trans\ersemotion,them = 0 is avalid mode,which describeshe bunchmakingrigid dipole oscillationsin the
trans\erseplane.This correspondso just the purebetatronsidebandsDrivenby thetransverseimpedancethe betatrontune
decreaseandthe purebetatronsidebandnovestowardsits first lowerm = —1 synchrotrorsidebandAn instability will
developwhenthetwo overlap,which we call trans\ersemode-couplingnstability (TMCI). Unlike thelongitudinal
counterpartthisinstability is devastating.The growth time is usuallysmall.

For anaveragebunchcurrently, thethresholddriving impedances

< 8 Ewivgvso,

[ImZ. ) S eTc (27)
wherethe effective trans\erseimpedanceés
dwImZ | (w)hy, (w)
Z = 28
[ﬂn J—]eff f dwhm(w) ) (28)

and [ dw impliesdiscretesummatioroverthem = 0 synchrotrorsideband®f the betatrortunelines (or justthe betatron
sidebands)Thesdimits for variousoperationsarelistedin Table18. It appearshattheresistve wall impedanceshouldbe
evaluatedat frequeny betweenfo) and f;), wherethetwo modescollide. In fact,for a Gaussiarbunchinteractingwith the
resistve wall impedancethis effective frequengy canbe computed Substitutingthe GaussiarspectrumandEq. (19) into
Eq.(28) gives

TnZ
[TmZ )en = % (29)
Tofr
Wi 4 2 0.304
7 .
Neff = or feﬁ = ’ (30)

woo I2(1) o, I? (1) 20,
wherel' (1) = 3.63561 is the Gammafunctionevaluatedat ;. This correspond$o f(,,_,.) With meg = 0.304 if Eq. (15)is
used.For analuminumbeampipe,whichis usedin the Stagel rings, theresultsasseenin Table18 shav thattheimpedance
is 98.5/102. MQ/m atinjection/collision,whichis smallerthanthe stability limit of 125.7/643.MQ/m. Thus,no TMCI will
occur Equation(27) is justanapproximatevay to determinghe thresholdof theinstability by equatingthe shift of them = 0
modeby v, the synchrotrortune. A moreexactmethodis to computethe eigenmodesf a numberof modesnearm = 0 and
m = —1 asafunctionof thebeamcurrentor couplingimpedanceBlaskievicz [40] madesucha computatiorfor the
high-fieldring atinjection. Onthe otherhand,thethresholdgivenby Eq. (27) is 33%larger. This senesasa verificationthat
Eq. (27)will give areasonablestimate Ontheotherhand,the moreexactnumericalsolutionmayarrive atalowerthreshold
andeasilypushthe bunchesatinjectionto a TMCI.

As thesizeof thering increasesthe stability criterionof Eq. (27) scalesaccordingo

g2 < VRvsor
~ Nb .

Thus, TMCI becomesvorsenas R. Comparingwith Eq. (26), TMCI will have alowerthresholdthanthelongitudinal
microwave instability asthe sizeof thering increases.

(31)

2.5.6 Coupled-bunch Instability

Therevolutionfrequencie®f the VLHC ringsareonly 1.29kHz. Thusthetrans\erseresistive wall impedancet the betatron
sidebandf lowestnegative frequeny becomewery largeandwill drive acoupled-lunchinstability.
For M identicalequallyspacedunchedn thering, thereareu = 0, - - - , M;—1 trans\ersecoupledmodeswhenthecenters
of massof onebunchlagsbehindits predecessdry the betatronphaseof 2w/ M. At the sametime, eachbunchcanexecute
longitudinalmotionwith m = 0, 1, - - - nodes.Thegrowth ratefor the um-th modeis

1 1 eMIbc

e Z M, — F —
Tum 1+m4mjﬂE§k:Re L[(BMs = p+ vp + mus)wol Fry, (W —X) (32)
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whereM is thenumberof bunches Strictly speakingeqg. (32)is correctonly if M = M, orif thebunchesareequallyspaced.
Accordingto the 9-bucketspacingthe VLHC ringswill beonly 90%filled. ThusEg.(32) will notbeanaccuratedescription
of thebeamdynamics.

As thefrequeny w — +0, therealpartof theresistive-wall impedancepproachefirst +|w| /2, then|w| ! whenthe skin
depthexceedghethicknessof the pipewall, andfinally zerowhenthefrequeng is exactly zero. Thereforethereis alwaysa
modey thatcorresponds$o alargenegative ReZ | anddrivesthetrans\ersecoupled-tunchinstability. For example,with the
betatrontunevg = 214.4, modey = 215 or frequeny —0.6 wo/(27) = 0.776 kHz with k£ = 0 in thesummatiorof Eq. (32)
contritutesthe largestnegative ReZ, , whichis —5.63 10* MQ/m if the Stagel beampipeis of aluminum.Here,we stick to
the +|w|~'/? dependengof theresistize wall impedancdor simplicity, althoughat sucha low frequeng, thethicknessof the
beampipewall maybethinnerthanthe skin depth.Thenext contritutionwith & = 1 will give ReZ, = +227 MQ/m whichis
negligibly smallcomparedvith the contribution atharmonic—0.6, which thereforedominateshe contribution.

Thegrowth ratesturn out to be extremelyfastin all situations.The e-folding growth time is 1.2/27turnsfor Stagel at
injection/storagewherealuminumpipesareconsideredFortunately the frequeng of this modeis very low, aroundl kHz. A
dampercanbeeasilydesigned.

As thesizeof theacceleratoring increasesit is easyto show thatthe growth time in revolutionturnsscalesas

L N,
Growth timein turnsoc fb , (33)

which explainswhy this trans\ersecoupled-lunchinstability drivenby theresistve wall is sobadfor the VLHC.

2.5.7 Longitudinal Head-tall

Longitudinalhead-tailinstability hasbeenobsenedin the Tevatronandwe would lik e to examineits effectin the VLHC. This
instability is aresultof theasymmetricddependencef the momentuncompactiorfactora = ag(1 + a1 6) + - - - onthe
momentundeviation §. Thus,abunchwill have slightly differentlengthandtherefordoseenepy differentlyin theupperand
lower halvesof thelongitudinalphasespace The growth rateof the synchrotroroscillationamplitudeis givenby

1 _ f() dU Or
T 2do, EX (34)
wheretheenepgy lossper particleperturnis
w@):&N/mwmmfsz@, (35)
and ( 5
ap(lor —n+ 5 3
X=——"mar+- (36)
n 2

denotegheasymmetrywhichis roughly 2 sincea; ~ % for aFODOlattice.

Theinstability canbe drivenby a sharpresonancidik e thefundamentamodeof therf cavities. For the Tevatron,the quality
factor(@) ~ 7000 andthe shuntimpedanceés R; = 1.2 M{2. Here,for the VLHC, it is reasonabléo assume) to bethesame
while R, /@ = 1710, aboutl0timeslarger. Thus,thegrowth rateof Eq. (34) scalesas

1 1 1

T *RET R
Thus,we expectthe growth rateto bevery smallfor the VLHC. As shavn in Table19, thesegrowth ratesarevery muchless
than86400~! = 1.151075 s~1, implying thattherewill notbeary appreciategrowth of the synchrotroramplitudein aday:.
The smallgrowth ratesarea resultof thelow rf frequeng andshortbunchlength,which represents point on theupperplot
of Fig. 22.totheveryleft of the —dU/do; ) o peak.

Thelongitudinalhead-tailinstability canalsobe drivenby a broad-bandesonancef the couplingimpedancelf we assume
Z(l)| /n &~ 1 doesnotchangemuchwith thesizeof thering, R, /@ will increasesstheradiusR of thering. Thus,thegrow rate
drivenby the broad-bandmpedancescalesas

(37)

1

XX T, (38)
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Table19: Parametersf the VLHC ring in Stagel andStage2, atinjectionandstoragemodes.

STAGE 1
Injection Storage

Drivenby rf resonance
fef = 4779 MHz, R,/Q = 1710 Q, Q = 7000

Growth rates 7.77107% 3.8910~7 s!
Driven by broad-bandwith R, /n = 1.0 Q

Growthrates(f, =3 GHzQ=1) 1.8410~% 6.4410°° s!
Growth rates(f, =2 GHzQ =1) 2.72107% 9.54107°% s7!
Growthrates(f.=1 GHzQ =1) 3.9610~% 1.55107* s!
Growthrates(f,=1 GHz Q =2) 2.8510=% 1.0910~* st

Driven by resistve wall

Resistvity of aluminump 2.65107% 2.6510% Q-m
Growth rate 463107° 1.8410°¢ s!
Resistvity of copperp 1.7010~% 1.7010~% Q-m
Growth rate 3.71107°% 1.4710°% s!

andwill dominatethe growth drivenby the sharpresonancef therf cavities. Thelower plot in Fig. 22 givesthereduced
differentialenegy loss,(dU/do o, asafunctionof f.o. with f,. denotingthefrequeng of thebroad-band.
Thegrowth ratesdrivenby a broad-bandmpedancet variousfrequenciesarelistedin Table19. For theinjectioninto the
low-field rings, all growth ratesfrom the tableexceed3600~! = 2.78 10~ s~! or with growth time lessthananhour.
Unfortunatelytheinjectioninto the low-field ringsis slow andis aboutanhour. Thustherewill be significantgrowth of the
synchrotroramplitudeandthusthe buncharea.
At storagethegrowth rateis 6.44 10~* s~! whenf, = 3 GHzandQ = 1, or growth time of 4.31hours.This numberappears
to beinsignificantfor a storethatlastsup to 10 hours.However, if theresonanfrequen is reducedthe growth ratewill
increasewhich correspondso moving towardsthe peakof the —(dU/do; )o, plot from theright sidein thelower plot of
Fig. 22. As indicatedin Table19,when@ = 1 and f, = 1 GHz,the growth time reducego 1.79hoursandbecomes
significant.lt is alsoshavn in the tablethatthegrowth ratewill dropif thequality factor@ increases.
Thelongitudinalhead-tailinstability canalsobedrivenby theresistve wall impedanceThedifferentialenegy lossin Eq (36)
integratesto

dU 3T(2) e2N,[ReZl]s
872 wé/2073_/2 ’

(39)

WhEYE[REZ(l)lh is theresistive partof thewall impedancet revolution frequeng. Theresultsin Table19 shows thatthis
instability is insignificant.For example,attheinjection of Stagel, the growth time for thealuminumpipeis longerthanthe
onehourinjectiontime. At storagethe growth time is tensof hours.However the growth rateis inverselyproportionaifto
03/2. Thereforewhenthe bunchlengthis furthershortenedn future designor operationjongitudinalhead-tailinstability
drivenby theresistive wall impedancenay becomeémportant.

2.5.8 Other Issues

We have not studiedall typesof instability. Therearemary bunchesn thecolliderring. Therefore coupled-lunchinstabilities
in boththelongitudinalandtrans\erseplanesby sharpresonancesanbe seriousandaninvestigations required. Thebeam
pipe hasasmallbore. As aresult,theimagecontribution to the coherenandincoherenbetatrontuneshifts canbeimportant
Also oneshouldhave a morethoroughstudyof theimpedanceéudgetof the collider ring, andseewhethercontribution from
sourcetherthanresistve wall is truly unimportant.
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2.6 Polarization

Someinterestexistswithin the particlephysicscommunityfor colliding beamexperimentswith high enegy polarized
protons.(e.g.in [42]) TheVLHC stagel pp—colliderwould offer a greatopportunityto achieve polarizedpp collisionsat or
closeto /s = 40 TeV.

In [43] it wasshawn thatacombinedfunction (CF) lattice providesa uniquefeatureat high enegy. For a CF lattice the
ervelopeof thelinear intrinsic spin—obitresonanceflISORs)decreaseasymptoticallywith 1/, /v, wherey is the Lorentz
factor whereador aseparatedunction (SF)latticethe ervelopeincreasesvith /. This effectcanbe explained
perturbatvely by therapid spin precessiomomponenaroundthe verticalin the bendingdfield of the CF magnetsvhich
canceldo agreatextentthetilt away from theverticaldueto thegradientfield. In a SFlatticethereis no bendingfield in the
guadrupoles.

Thedecreasef the LISORswith enepy is a 1-stordereffect, but the LISORsarethelargestcontribution to the off-orbit
T-BMT driving termandin theapproximatiorof leadingpowersin Gy [44, 45] (G = (g — 2)/2 ~ 1.79 beingthe
gyromagneti@nomalyof the proton),i.e. at high enegy, they arethe dominantcontribution to the higherorder(kinetic) spin
orbit coupling.

Thekey conceptdor polarizationin the presencef spinorbit couplingarethe Derbene—Kondatenk ri—axis[46, 47] andthe
amplitudedependenspintune[48, 47] v. Given P;,,, the modulusof the averageof 7 over aninvarianttorusdescribedy the
normalizedactionvector.J, the longtermpolarizationaverageof abeamP canbefactorized45] as

P = [ Pim(J)Payn(J) dJ, wherePyy, is theaverageof thespinactions - 7 overthe spinson eachtorus. P, is
completelydeterminedy thelattice,the enegy and.J, whereasPyy, depend®nthe*“history” of thebeam,i.e.the
polarizationatinjectionandtheacceleratiorprocesslit hasbeenshavn [49] that Py, is anadiabatidnvariant,i.e. is hardly
changedluring sufiiciently slow accelerationP;,, andtheacceleratiomatefor preserationof Pyy,, areparticularlylow
wheneerthe non—perturbativeesonanceonditiony(f, v) = k. Q. + kyQy + k-Q is (sufficiently closely)fulfilled (e.g.
[50, 49, 45]). Herethe ); aretheorbitaltunesandk; € Z.

Simulationsusingthe codeSPRI NT [51] andanearlyversionof the stagel lattice[52] without S—squeezehavedthatthe
strengthf the LISORsindeeddecaysapproximatelywith 1/, /7 andthatthe highestresonancstrengthsarearoundl.1 for
purelyverticalmotionwith 2.5¢ verticalamplitude(assuming;ms = 1.57 mmmrad). After choosinga suitableverticaltune
(about217.2862)andintroducingl, 3 or 5 identicalpairsof SiberianSnaleswith snale angledifferenceof 90° in eachpair
(Lee—Couranschemese.g.[53]) distributedaroundthering sothatthe on—orbitspintuneis 1/2 independentf enegy, we
have simulatedP;;,, andv with upto 5 ¢ verticalorbital amplitudein 3 enegy rangegstrongresonancaroundinjection,
strongresonanceloseto 20 TeV & region without strongresonancesloseto 20 TeV — potentialworking point). The
simulationswereperformedusingthe SCDOM 2 algorithm[54] implementedn SPRI NT. Thesimulationssofar did notshov
ary higherorder(kinetic) spinorbit resonancespto 4 ¢ with 6 snalesandupto 5 ¢ with 10 snales.In a10 GeVrange
aroundthe potentialworking pointthe spintunespreadvaslessthan.15and F;,,, wasmorethan92%upto 5 o with 6 snales.
Furthersimulations g.g.including horizontalandlongitudinalamplitudesandmisalignmentareof coursenecessary
Moreover, spindynamicsin theinjectionchainhasto be studiedandmostlik ely modificationsto the pre—acceleratonsill be
necessary

Our preliminarysimulationssuggesthatthe VLHC stagel CFring couldbe a uniqueopportunityto obtainpolarizedprotons
athigh enepy. If onewantsto take this opportunityit is essentiato malke spindynamicsa designissueat anearly stageof the
project.
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3 STAGE 2: THE HIGH-FIELD RING

3.1 Luminosity versusenergy

TheHigh Field VLHC ring will bethefirst cryogeniccolliderto operatdn the synchrotrorradiationdominatedegime,in
which theradiationdampingtime is shorterthanthe storagdime. In this regimetherearepracticalandeconomidimits to the
cryogenicsystemwhich canbeinstalled. Thereis a maximumvalue P, for thesynchrotrorradiationwhich canbe
absorbedn eachring. It is necessaryo adjustthe beamparameterso staywithin theinstalledpower limit, resultingin a
maximumluminositywhich dependonthebeamenepgy E accordingto
P,

Lpar % (40)
Theexactversionof this “maximumpower law” is derivedasfollows.
Thetotal numberof protonsburnt off perbeam,in astoretime of lengthT%;,,.. in acolliderwith N;p interactionpoints,is

Nourn = N1pLgveOtot Tstore (41)

whereoy,; is thetotal crosssectionand L., is theaverageduminosity. The numberof protonsin eachbeamatthebeginning
of thestoremustbe atleastthis large,so

whereN is the numberof protonsin eachof the M bunchesThetotal synchrotrorradiationpower perring is
P = (%) NM (43)

whereUj is the enegy radiatedper protonperturn,andT is therevolution period. The synchrotrorradiationdampingtime is
closelyrelated,

T
n=(7)® “
sothat,simply
NME
P = T (45)

Puttingall this togetherandrecognizingthatthe synchrotrorpower s limited
P < Py (46)

thentheminimumsynchrotrorpower is achiezedwhenevery singleprotonis burnt off, sothat

P, 1 To
Lo < Torwo ( )( > 47
E Nrpoiot Tstore ( )

Thisis the exactform of the maximumpower law.

Althoughthereis a clearadvantagdn reducingthe storageime, T's;or. MmustremainsignificantlylargerthanT o, in orderto
take advantageof radiatvely dampedbeamsizes.Otherfactors(suchastherefill time) will alsoplay arole in determiningthe
optimumvalueof T,.., butis safeto estimatethat

To

Tstore

~ 0.2 (48)

Exceptfor someuncertaintyin this factor the maximumpower law clearly stateshattheinstalledcapacityto absorb
synchrotrorradiationat cryogenictemperaturesdirectly limits the attainableproductof averagduminosityandenegy.
Similarly, if thebeamstoredenegy perring U = N M E mustbekeptbelony a maximumvalue— for exampleif thebeam

dumphasa limited capacity—then
Unaz 1 1
Loye < 49
E (NIPUtot ) (Tstore ) ( )

Insofar asthe storedenepy is a practicallimit to high field performance- to the productL,,. E —thenthereis pressureo
reduceT;,-., andhenceto increasehedipolefield, to reducethe circumferenceandto reducetherefill time.
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Storageenegy, £ 875 TeV
Peakluminosity, L., q 2x10% cm2s!
Inelasticcrosssection 130 mbarn
Total crosssection 169 mbarn
Collision debrispower, perIP 73 kW
Dipolefield atstorage 9.765 T
Distancefrom IP to first magnet 30 m
Injectionenegy 10 TeV
Fill time 30 s
Acceleratiorntime 2000 s
Synchrotrorradiationdampingtime, T 248 h
Enegy lossperturn, Uy 15.3 MeV
Naturaltrans\erseemittance(H) .0397 pum
NaturalRMS momentunmwidth 55 106
Numberof bunches M 37152
Fractionof bucketsfilled 90 %
Collisionbetahorz, 5 3.7 m
Collision betavert, 3, 0.37 m
Equilibrium emittanceatio, x 0.1

Initial bunchintensity N 75 10°
Protonsperbeam 2.79 104
Beamcurrent 57.4 mA
Synch.rad. power, perbeamP .88 MW
Dipole linearheatload 4.7 W/m
Storedenengy, perbeamU 39 GJ

Table20: Nominalparametersor storesin thehighfield ring.

3.2 Operational performance

TheHigh Field ring will bethefirst hadroncollider ableto join all electroncollidersin takingadvantageof naturallyflat
beamsTheinstantaneoukiminosityis

M N?
L = T P (50)
- M N (51)
47T ,/ezeyﬂ;ﬁ;
whereT is therevolution period,andthe flathesof thebeamis corvenientlymeasuredby
K= (52)

€z

Figure6 shavs how the naturalhorizontalemittancevarieswith the archalf cell length,with a nominalvalueof

enat ~ 0.04 pm. If thelinearcouplingandtheverticaldispersionin thearcsarebothwell controlled,andin theabsencef
straysourcef diffusion,the horizontalemittancewill decreaséo this value. The equilibriumverticalemittancecanbecome
muchsmaller—thebeamscanbecomeveryflat. Thehighfield ring shouldbe ableto achiere k <« 0.1, in commonwith
corventionalelectronstoragerings.

Thetotal numberof protonsin thering, M N, is approximatelysetby the needto provide enoughfor “luminosity burn-off”,
plusanoverheadractionthatis dumpedat the endof the store.Sincethe numberof bunchesV is fixed,the needfor a given
peakluminositythensetsthe singlebunchpopulationNV. Nominalvaluesfor theseandotherparameterdancludinga
conserativevalueof k = 0.1, aregivenin Table20.

41



It is theheadon beam-beannteractionwhich setsthe minimumhorizontalemittancewhetherthe beamsareflat or round.
Figure23 shaws the horizontalandverticalemittanceslecreasingo plateawaluesof €, ande, thatareconsistentvith the
beam-beaniimit, andwhich aremaintainecby trans\ersebeamheating.Figure24 shavs the correspondingvolution of
instantaneoukiminaosity, andits average duringthe store.

It is shovn immediatelybelow that,atthe beam-beantimit, flat beamspermitthe productee, to begreatlyreducedyelative
to roundbeams Equation51 shavs thatthis thenpermitslargervaluesfor 3; andg; atfixedluminosity. Flatbeamspermit
morerelaxedIR optics,evenbeforetheincreasecfficienciesof doubletopticsareconsidered.

3.2.1 The headon beam-beaminteraction
Thehorizontalandverticaltuneshift parameteror bi-gaussiabeamsare

r Nﬂ;,y

e A — 53
27y U;’y (0; + U;) (53)

Coy =

wherer = 1.535 x 10~18m is theclassicaradiusof the proton. Whenthebeamsareround(3: = 3, ex = €,) thisreducego

y? x
r N
= = — 4
b =& = o (54)
with no dependencen+ or §*. By comparisonif thebeamsareveryflat, K < 1, then
r N
=t = 5o (55)
Thehorizontalandverticalbeam-beanparameteraremadeequalin theflat beamcaseby assertinghatthe 5* ratiois alsox
_ & _ B _ 5 (56)
€ B ok

Equationsh4 and55 shawv that,whetherthe beamis roundor flat, the beam-beanparametedepend®nly on the horizontal
emittancee,.. Sincethe collision betafunctionsf; andg;; donotinfluencethe beam-beanparametershey areadjustedwith
afixedratio x, andfor givenvaluesof M, N, ande,) in orderto achieve therequiredpeakluminosity.

Thebeam-beantimit is expectedto be approximatelythe samefor roundor flat beamsgivenby

€ < 0.008 (57)

Thisvalueis justified by practicalexperienceatthe SPSandatthe Tevatron. The SPSoperatedat £ ~ 0.004 (or slightly
higher)with 6 collisionsperturn. More recently in Run|b the Tevatronoperatedvith £ ~ 0.0075 with only 2 headon
collisionsperturn (asin the VLHC). Simulationspredictthatradiationdampingmight give thehighfield ring a slight
additionaladvantagewhich is by no meansasstrongasthatcommonlyobsenedin electronstoragerings. The numerical
valueof 0.008is illustratedin Figure25, which displaysempiricaldatacompiledby Keil andTalmanfor electronstorage
rings[25]. The“dampingdecrementfor thehighfield VLHC — thefractionof adampingperiodperheadon collision—is
approximatelyl0—7.
Equationss4 and55 shav thatthe minimumvalueof ¢, permittedby the beam-beaneffectis the samefor flat or round
beamswithin aboutafactorof 2. Then,re-writing Eqn.51 as

M N2y

= T e (58)

it is explicitly clearthatwith flat beamghevalueof 3% canbeincreasedy afactorof aboutl/«, alargeamountanda
significantadvantage Equation56 thenshavs thatthe valueof 3, is aboutthe samefor flat or roundbeams.

Figure26 shavs haw the horizontalandverticalbeam-beanparametergvolve during a flat beamstore.About 80% of the
original beamis burnedoff after20 hours.Storeevolution parameterdncluding RF andlongitudinal,aresummarizedn
Table21.
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Figure 25: The beam-beantimit versusdampingdecremenin electroncolliders, extrapolatedby tracking towardsVLHC
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INJECTION

Emittanceyms(H andV) 15 pum
Momentumwidth, rms 233.1 106
Arc bunchsize(betatron) 254  pum
Arc bunchsize(dispersion) 330 um
RF voltage 50.0 MV
Longitudinalrmsemittance 20 eVs
Longitudinalbeta 351 m
Bunchlength,rms 81.9 mm
Synchrotrortune .00280
Synchrotrorfrequengy 3.60 Hz
STOREBEGINNING

Emittanceyms(H andV) 15 um
Momentumwidth, rms 64.8 10
Arc bunchsize(betatron) 86 pum
Arc bunchsize(dispersion) 92.0 um
Full crossingangle 30.6 prad
RF voltage 200 MV
Longitudinalrmsemittance 20 eVs
Longitudinalbeta 520 m
Bunchlength,rms 33.7 mm
Synchrotrortune .00189
Synchrotrorfrequeng 2.44 Hz
EARLY PLATEAU (Flatbeams)
Beam-beanparameter .008
Emittanceyms(H) 161 pm
Emittanceyms (V) .016 pm
Momentumwidth, rms 50.0 10°¢
Arc bunchsize(betatron) 28.2 um
Arc bunchsize(dispersion) 71.0 pm
IP bunchsize(H) 253 um
IP bunchsize (V) 25 pum
Full crossingangle 10.0 prad
RF voltage 200 MV
Longitudinalrmsemittance 1.191 eV-s
Longitudinalbeta 520 m
Bunchlength,rms 26.0 mm
Synchrotrortune .00189
Synchrotrorfrequeng 2.44 Hz

Table21: StoreparameterdncludinglongitudinalandRF
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3.2.2 Crossinganglesand parasitic beam-beamcollisions.

Thehorizontalandverticaltuneshiftsdueto a singleparasiticcollisionsare

TN By
2y A2

Agyy (59)
wherethe approximatioris valid if thefull beamseparatiom is muchgreaterthanboth horizontalandverticalbeamsizes,so
thatthebeamactslik e amoving line chaige. Thetuneshift is positive in the planeof the separationThetotal separation
increasedinearly with respecto thedistances from the IP, andis proportionalto thetotal crossinganglea, whichis naturally
scaledto theangulardivergenceof thebeamby thefactorn

A =as =no's & no (60)

Thisis illustratedin Figure27, wherethe crossinganglea evolvesto alwayskeepthe beamsa constannumberof horizontal
sigmasapart.In thedrift region next to the IP the horizontalandverticalangulardivergencef the beamareequal,evenfor

flat beamssince
% *
9% _ [&B:i_ 5 _4 (61)
ol By €x K

For parasiticcollisions(exceptthefirst) the beamsareessentiallyround,evenwith flat beamsat the IP!

If thebeamsarethoroughlyseparatedinto separatdeampipes,or with very large separationsjt a distanceL,., from theIP,
thenthereare4 L., /Sg parasiticcollisionsaroundeachlP, whereSp is thelongitudinalbunchseparationMany (or all) of
thesecollisionsoccurin thedrift region, wherethe betafunctionsaregivenby

s2 82
B=B"+ 7~ (62)
pr B
andtheapproximationis valid whens > * —thatis, for all exceptperhapghefirst parasiticcollision. Puttingall this
togetherthetotal tuneshiftsfrom all parasiticcollisionsin oneinteractionregion are
N 4 L
AQa, e (63)

21y Sp B 02

wheretheapproximations mostvalid if thebeamsarefully separatetheforethefirst IR quadrupoleThelasttermin this
expressiorcontaingthe optical variablesof the mostinterest- L,,,,, 8*, anda.
Thehorizontalbetafunctionat eachcollision is muchlessthanthevertical

Ba _ By
— R =K 64
By Bz 9
sothat,takingEqns63 and 64 togethemives
AQ: ~ —KAQy (65)

Thehorizontaltuneshift is greatlysuppressedith flat beamsto be muchsmallerthanit is with roundbeams- if thevalues
of L., anda compareavorably betweerthetwo cases.

Equation63 shavsthat,if thebeamseparatiorplaneis changedrom horizontalto verticalwith thetotal crossinganglea held
fixed,thenthelong rangetuneshifts changesignwith almostunchangeébsolutevalues.If the separatiorplaneis verticalat
onelP, andhorizontalatthe other, thensignificanttuneshift cancellation€anbe achieved. However, the beamsarevertically
separatet¢h thearcs,no matterwhatthelocal crossingplane becaus@®f the useof commoncoil magnetechnologyin thearc
cells. Corversionfrom a horizontalbeamseparatiorplaneto vertical separatiorin the arcsis not expectedo be
fundamentallydifficult, eventhoughthe opticaldesignof sucha schemehasnotyetbeenaddressed.
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Figure27: Evolution of thelong rangetuneshifts,andthetotal horizontalcrossingangle duringthe store.
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3.2.3 Intra beamscattering and diffusion

Intrabeamscattering(IBS) is animportanteffectin the highfield ring, asillustratedfor nominalstoreparametern
Figure28. The horizontalgrowth rateis by far the strongestwith growth timesof lessthan10 hoursaftera coupleof damping
times,whenthe 6-dimensionaphasespaceadensityis largest. This minimumgrowth time is controlledby heatingthe beams
longitudinally, to preventthermsmomenturmspreadrom falling belov a minimumvalueof o, /p, asdemonstrateth
Figure23. It alsohelpsthat,in orderto respecthe beam-beantimit, the horizontalemittances heatedo maintaina
minimumvaluethatis muchlargerthanits naturalvalue.

It is interestingto considemwhatfundamentalimits IBS placeson theflatnessof thebeam- how smallcanx be?Figure29
shavs how the minimumflatnessdepend®n the momentunspreads, /p which is maintainedoy longitudinalheating.The
minimumvalues,;, is definedasthatvalueatwhich thehorizontallBS growth time is equalto the synchrotrorradiation
dampingtime. Theresultsshavn in Figure29 assumeéhatthe RF voltageis heldfixed. In contrastFigure30 shov how the
minimumflatnessdepend®n theRMS bunchlengths,, whenthemomenturnspreads,, /p is heldfixed. In this casethe RF
voltagechangesignificantly scalinglike V;.; ~ 1/02. Figure31 shavs the sametwo datasets plottedasa function of the
longitudinalemittancelt is clearthatflatnesseassmallasx ~ 0.001 arepossible from the perspectie of our present
theoreticaunderstandingf IBS [7].

Therelative paucityof world dataon IBS resultsin cautiouspredictionsput it is reasonabléo expectthatIBS will be
significantbut not dominantin the highfield ring of the VLHC. Fortunatelythe copiousdataexpectedn the next few years
from RHIC operationshouldgreatlyimprove our understanding@f the topic.

Any unwantedsourceof diffusion—whetherlBS, power supplyripple, fundamentabeamdynamicsor ary unexpected
source- could have a profoundunwantedeffect on the luminosity performancef the high field ring. A deepaccelerator
physicsunderstandingf the spectrunof diffusionmechanismss requiredfor a confidenthigh field design.

V. = 200 [MV], B, = 520 [m]
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Figure29: Theeffectof IBS onthe minimumflatnesss,,:,, atfixedRF voltageVrr = 200 MV, andg,; = 520 m.
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3.3 Advantagesand disadvantagesof flat beams

All electroncolliders,whethercircularor straight,take advantageof flat beamsandusedoubletoptics. However, it hasnever
beforebeenpossibleto useflat beamsn a hadroncollider. Flatbeamshave theadvantagesanddisadwantagesliscussed
below, which continueto beinvestigated Shoulda majorflaw beidentifiedwith flat protonbeamsit is alwayspossibleto fall
backto thecorventionalhadronsolutionof roundbeamsandtriplet optics.

Flatbeamgequirethefirst quadrupoleon both sidesof the IP to bevertically focusingto both counterrotatingbeams
(whetherthe crossingangleis verticalor horizontal). Thus,the opticsmustbe symmetricacrosghe IP, andthefirst
guadrupolanustbe a 2-in-1 magnet.This is unlike the corventionalroundbeamtriplet solution,in which the opticsis usually
(but not necessarilyanti-symmetricandbothbeamspassthrougha singlequadrupolébore. Becausdlat beamsnustenter
separatguadrupolébores thereis a needfor dipole beamseparatorinboardof thefirst quadrupole Onthe onehandthis
earlyseparations arelative disad\antageo doubletoptics,sincethefirst quadrupolas pushedurtheraway from thelP. On
theotherhand,early separations goodfor long rangebeam-beaneffects,sincethereare(effectively) no parasiticcollisions
beyondthe beginning of thefirst beamsplitting dipole.

Table22 compareshe performancef flat androundbeamin the high field ring. In bothcaseghe beam-beantimit of

& = .008 is reached or 6 hoursinto the store whenthe luminosityis atits peak.The horizontalandverticalemittances
valuesrecordedn Table22 arethosewhich areinitially maintainedpreventingfurtheremittanceshrinkage)whenthe
horizontalandverticalbeam-beanparameteréirst saturate The samepeakluminosityis achievedin bothflat androundbeam
casedy adjustingthe horizontalandvertical 3* values.

FLAT ROUND
Flatnesgparameterx 0.1 1
Beam-beanparametet, = &, .008 .008
Peakluminosity L (1034 cm—2s1) 2.0 2.0
Averagduminosity, 20 hr Ly, (103 cm=2s7!)  1.02 0.98
Initial bunchintensity N (10°) 7.5 7.5
Collision betahorz 8 (m) 3.7 0.71
Collision betavert3; (m) 0.37 0.71
Maximum betahorzB; (km) 7.84 14.58
Maximumbetavert3, (km) 10.75  14.58
Horizontalemittancee,, (um) 161 .082
Verticalemittancee, (um) .016 .082
Collision beamsizehorzs}; (pm) 2.53 0.79
Collision beamsizeverto, (um) 0.25 0.79
Maximumbeamsizehorza, (um) 116 113
Maximumbeamsizevertag, (um) 43 113
Angularbeamsizehorzg), (ur) 0.68 1.11
Angularbeamsizeverto, (ur) 0.68 111
Total crossinganglea (ur) 10.0 10.0
Separatiordistance L, (m) 30 120
Numberof long rangecollisionsperIR 20 84
Long rangetuneshift periR, horz|AQ,| .0008 .0166
Longrangetuneshift perIR, vert|AQ, | .0081 .0166

Table 22: Flat and round beamperformanceparametersguotedafter about6 hoursat the “early plateau”just after peak
luminosity, whenthe horizontalandverticalbeam-beanparameterareboth saturated.

A majoradvantageof flat beamscomesfrom the orderof magnitudencreaseof 52, by afactorof aboutl /2«. Slightly
offsettingthis advantagethevertical 3; decreaseby afactorof about2. Equations54, 55, 56, and58 betweerthemexplain
why thisis so—why collision opticsaremuchmorerelaxedwith flat beams.
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Anotherimportantadvantages thatdoubletopticsleadto muchlower valueof 3, themaximumbetain the IR guadrupoles.
Lower E meanssmallerbeamsizes andlower sensitvity to a hostof dynamicaleffects. This reductionhappensot just
becauses; is increasedbut alsobecauseloubletfocusingis inherentlymuchmoreefficient thantriplet focusing[24]. It can
beunderstoodheuristicallyby consideringhefirst quadin atriplet to be presentnerelyto split the horizontalandvertical
betafunctions,in orderfor thefollowing two quadsto actasadoublet.If theinitial betafunctionsarealreadywell separatee
with flat beams- thereis no needfor the “betasplitting” first quadrupole Becausehe“centerof gravity” of adoubletis much
closerto the IP thantheequialenttriplet, thenthe maximumbetavaluesﬁm,y arealsomuchdecreasedzarly separation

pusheghefirst quadrupoldurtherfrom the P, but the valuesof E recordedn Table22 still shav the strongadvantageof
doubletoptics.

Doubletcollision opticscontributelessto the naturallinearchromaticitiesandaregentlerto the nonlinear

chromaticitied11, 24]. This leadsto wealer chromaticitysextupolesin particular andto betternonlineardynamicalbehaior
in general.Theperturbatiorstrengthof anIR quadis oftenrelatedto K .3, whereK is the quadstrengthandL is the
magnetidength.While K is essentially}constanbetweerdoubletandtriplet optics, L andj3 arelesswith doubletoptics,and
thethird quadrupolds absent.

Flatbeamseducebothhorizontalandverticallong rangebeam-bearntuneshifts A@, ,,, with respecto theroundbeam
alternatve. Table22 shavs afactorof two reductionin thevertical,andanorderof magnitudereductionof approximatel\2/«
in the horizontal. Thevalueof thetotal crossinganglea is setto beidenticalwith flat or roundbeams- andis independentf
theplaneof thecrossingangle.Equations63, 64, and65 show thatthelong rangetuneshift reductionoccursin partbecause
of theincreasedralueof 8, andin partbecaus®f thereducedvalueof L., with flat optics. Therearefar fewer parasitic
collisionsperinteractionregion with flat beamsthanwith roundbeams.

Themostsignificantdisadantagds thatthe designof thefirst quadrupolés difficult. A 2-in-1 magnetwith relatively close
separatiowill nothave asgoodfield quality a singleboreelement.Nonethelesshe maximumbetaB is significantlylessin
thedoubletdesign,sothetolerablefield errorsarelarger. The preliminaryreferencénarmonicdistedin Table49 arethe
subjectof on-goingAcceleratoiPhysicsandMagnetPhysicsevaluations. The beamsizein the quadrupoless quite smallat
collision enegies(c ~ 100 um in bothcasesyofield quality may not be asimportantasintuition basedon previous
experiencesuggestsilt is reasonabléo expectthatdynamicstability with respecto closedorbit deviationsbhecomeselatively
muchmoreimportantin this new parameteregime. Detailedtrackingandsimulationstudiesneedto be performedo
investigateheseissuedn detail.

Anotherdifficulty is thatneutralparticlesgenerateétthe IP will aim headon for the centerof thefirst 2-in-1 quadrupole.
EachIR has~36 kW of beamgarbagegoingoff in eachdirection,andthe neutralscarryabout30% (11 kW) of this power.
Figures38 and51 shovs a5.5m spacen thelattice betweerthe beamsplitting dipole D1B andthefirst quadrupoleQ 1A,
whereanabsorberanbeplacedto interceptthis componentindto shieldthefront faceof the quad.The severity of this
problemis difficult to quantifywithoutafull blown enegy depositionsimulationof the beamlossesanda detaileddraft
designof thefirst quadrupole Althoughtheseenegy depositiorsimulationshave begun (seebelow), it is clearthathere too,
adetailedanalysisis required.

A lack of enegy flexibility maybea disadwantageto flat beams Theradiationdampingtime scaledike 1/ E3, soif the
collisionenegy is halvedfrom 87.5TeV to 43.75TeV, thenthetime increaseso about20 hours,andflat beamsareno longer
viable. If suchalargedynamicrangeof collision enegiesis desired(at fixedgeometrythenonepossibilityis to arrangehe
IR quadrupolesothatbothdoubletandtriplet opticsarepossible A lattice hasbeendemonstrateth which 4 IR quadrupoles
canswingeitherway — canactasadoubletor asatriplet [9].

An operationablisadwantagds the needfor carefultuningto keeptheverticalemittancesmall. Electronringsroutinely
achieze beamflatnesse#n therange0.001 < « < 0.01 by controlling2 linearquantities:theverticaldispersiorin thearcs,
andglobalbetatroncoupling. The mathematic®¥ehindthe controlroomalgorithmsfor suchcleanliving is well understood,
andshaws no signof significantdifferencedetweerthe electronandhadroncolliders,exceptfor the muchdifferentradiation
dampingtimes. It is notunreasonablér highfield ring studiesto alsoconsiderdessconserative flatnesssalues,of say

k = 0.01, which arecloserto every day electronstoragering experience.

Figure32 shavs the evolution of anominalroundstore,with the parameterfistedin Table22. It is to becomparedvith the
equivalentflat beamperformancelisplayedn Figures23,24,26,27,and28.
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3.4 Lattice optics

Thelatticefor thehighfield (HF) ring is groupednto four units. Thetwo hemispherearemadeof arccells. Thesetwo

hemispherearejoinedwith two utility regionsthatcontaindispersiorsuppressorabortutility regions,interactionregions
(IR), injectionandextractionseptaandkickers,et cetera.Thelattice geometricallymatcheghelow field (LF) ring lattice so
thatthey bothfit in the sametunnel. For corvenienceashortlist of someof the HF lattice parameterss shavn in Table23.

Horizontaltune 218.19
Verticaltune 212.18
Transitiongamma 194.13

Slip factor 26.53 10°¢
Maximumarchbeta 459 m
Maximumarcdispersion  1.42 m
Rigidity atinjection 33.36 10* Tm
Rigidity atstore 291.9 10° Tm
Vertical 3* (store) 037 m
Horizontal 3* (store) 3.7 m
MaximumB, injection .61 km
MaximumHorz B store 7.84 km
MaximumVertE, store 10.75 km

Table23: Shortlist of somehighfield lattice parameters.

Thefirst majormoduleto describdas thearccell. Thehalf cell lengthis 135.4865m. Both rings defineopticalmoduleswith
lengthsin multiplesof the half cell length. This is doneto keepthe geometrieshe same Furtherrequirementsf thecell
designarethatthedipole magnetidengthmustbelessthan17 m, andthatspoolpiecesarerequiredfor correctorsand
sextupoles.Thearcquadrupolegradientis restrictedto 400 T/m andthe maximumfield of thedipoleis 10 T. Furthermore,
dualplaneBeamPositionMonitors (BPM) areplacedbetweerthe quadrupoleandspoolpiece. Table24 shavs the parameters
for thearccell andfor for thedispersiorsuppressocell.

The othermajorarcmoduleis thedispersiorsuppressofTherearetwo types,onebringingthe dispersiorto zeroandtheother
matchingthe zerodispersiorregionsto arccell Twissfunctionvalues.Thedispersiorsuppressofollowsthe“3/4, 2/3” rule,
in which thecell lengthis 3/4 of the standardarccell, andthe bendangleis 2/3 of the standardarccell. Thisis usedto achieve
maximumpackingfraction. Thesetwo dispersiormodulesonly differ in their quadrupolestrengths.
Thelayoutandparameteror arcanddispersiorsuppressocellsareshavn in Figures33 and34, andtheir Twissfunctionsin
Figures35and36.

Therearetwo utility regions. Theoneon the Fermilabsite containghe abortinsertion,InteractionRegions,etcetera.The
off-site utility regionis simply filled with FODO cells,with andwithout dipoles,anddispersiorsuppressorg-igure37
displaysthe Twissfunctionsfor the off-site utility region.

ThelR gives30 m free spacerom theinteractionpoint to the first magneticelement.Thefirst magnetencountereds a high
field smallboremagneif 16 T field. This canhandlethe beamsuntil they total separatiorbecome®8 mm. Thenthebeams
enteralower field, 12 T, magnetwith alargerbore. Thesebeamseparatiomipolesbendthe beamvertically. This crossing
region requiresthatthe beamseparatiorat thefirst quadrupolée 30 mm. With thesedimensionghefirst quadrupolds
limited to 400 T/m gradient.As the beamsseparatea higherquadrupoldield canbe attainedwith alimit of 600 T/m. A
schematiof this designis shavn in Fig. 38.

With this designof the crossingregion, anIR is designedo fit attwo locationin the on-siteutility region. The 5* wasvaried
from 0.37mto 7.12m (vertically, 5* horizontallyis 10timeslarger). The maximumbetaﬁ is 10.6km with thecollision optics
andonly about760m atinjection. Figure39 shavs the 3* squeezevery 0.25m. Figure40 shavs theinjectionandcollision
opticsof theinteractionregion. Notethat,dueto theverticalcrossingdipolesthereis verticaldispersiorthroughouthering.
Thiswill be dealtwith asthedesignof theinsertionprogresseg-urthermorethe phaseadvanceacrosgheinsertionhasnot
beenfixed. Thereareadditionalquadsthatcanbevariedto fix the phaseadvance.Theabortregion hasyetto bedesigned.
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DIPOLE

Fieldatinjection 1116 T
Field atstore 9.765 T
Bendradius 29.887 km
Coil full width 40 mm
Liner full width 20 mm
Verticalboreseparation 29 m
Storedenegy (2 bores) 828 kJ/m
ARC CELLS

Half cell harmonic 24

Half cell length 135.486 m
Half cell bendangle 3.875 mrad
Half cell count 1568
Dipolesperhalf cell 7
Dipole count,total 10976
Dipole magnetidength 16.546 m
Dipolefill factor 855 %
Quadmagnetidength 8.066 m
Quadfield gradient 385.4 T/m
DISPERSIONSUPPRESSORELLS

Half cell harmonic 18

Half cell length 101.614 m
Half cell bendangle 2.583 mrad
Half cell count 80
Dipolesperhalf cell 5
Dipole count,total 400
Dipole magnetidength 15.443 m
Dipolefill factor 76.0 %
Quadmagnetidength 10.775 m
Quadfield gradient(QD1) 288.7 T/m
Quadfield gradient(QF2) 376.2 T/m
Quadfield gradient(QD3) 2819 T/m
Quadfield gradient(QF4) 390.2 T/m

Table24: Arc anddispersiorsuppressomagnetandcell parameters.
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Figure33: Layoutandparametersf a highfield archalf cell.
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Figure34: Layoutandparametersf a highfield dispersiorsuppressohalf cell.
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Figure38: ThelR layout. Shavn hereis thefirst crossingpoint dipolesandthe doubletquadrupoleQ1 and Q2. Note, the
guadrupolesresplitinto two piecesto provide spaceor correctors.Thebeamanglesandheightrelative to the centralline are
shawvn. Note,the beamseparations twice the height.
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3.5 High Field Triplet IR Optics

Althoughdoubletopticsaremorenaturallysuitedto the flat beamsof the high-fieldring, collisionscouldbe creatednstead
usinganti-symmetridripletsfor thefinal focusing.The“round beam”modeldiscussedhereis qualitatvely similar to the
low-field IR design.Thetriplet quadrupolesre400T/m single-boremagnetsFour additionalcircuits,comprising
double-boret00 T/m magnetsarealsousedfor opticalmatching.With atotal of 6 independently-tunablguadrupolecircuits
availableit is possibleto matchthefour 5’sanda’s from thelP into theregularFODO cells, plushold the phaseadvanceA p
constantcrosgheIR throughthesqueezdrom 5 = 12.0 — 0.50 m. Fixing Ay eliminatesthe needfor a specialphase
trombonesomeavherein thering to maintainthe nominaloperatingpoint. Figure41 shows the lattice functionsthroughthe
insertionregion atinjectionandcollision. The correspondingnagnefgradientsarelistedin Table25, andthe complete
gradienttuning curvesthroughthelow-b squeez@appeaiin Figure42.
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Figure41: IR lattice functionsin theinjection (top) andcollision (bottom)configurations.

Thecirculatingbeamsareseparatedertically everywheren thering, exceptin thetriplet quadrupolesFour 10 T dipoles
betweerthe Q3 andQ4 quadrupoledring the beamsogetherat the entranceo thetriplet for collisionsattheIP. Dipoles
downstreanof the IP separate¢he beamsagainvertically andchannekthembackinto theupperandlowerrings. A
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Quad# || Lyagnetic | GradientdT/m) | GradientgT/m)
(m) B* =12.00m B* =0.50m
[Bmaz=895M] | [Bmaz =20.7km]
1 23.58 F400.1 F394.0
2a& 2b 18.98 +397.8 +382.4
3 23.58 F400.1 F394.0
4 10.47 F229.8 +397.9
5a& 5b 15.09 +324.7 F391.9
6a& 6b 15.09 F342.5 F329.4
7 10.47 +101.7 +373.9

Table25: IR quadrupoleggradientsat 87.5TeV/cfor injection(5* = 12 m) andcollision (5* = 50 cm). Throughouthe squeeze
Apg = Apy = 2.250is fixed. Highlightedentriesindicatequadrupoleshatchangepolarity.

half-crossingangleof 28.8 ur gives10o separatiorbetweerthe beamsat thefirst parasiticcrossing2.823m downstreanof
thelP (e,y = 1.5um at87.5TeV/c).
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Figure42: IR quadrupolguningcurvesin thelow-5 squeezes* = 12.0 — 0.50 m.

3.6 Interaction RegionMagnets

Theinteractionregion (IR) lattice andluminosity performancef the high field ring dependsignificantlyon a smallnumberof
high field magnetsGiventheimportanceof thesefew magnetsstateof theart superconductorareusedin thedesign.The
amountof superconductonsedin the magnewill go down andthedesignwill becomesimplerwith the furtherimprovements
in superconductarechnology

Theparametersf variousIR magnetsaregivenin Table26. Thelayoutis shovn in Fig. 38. Themajorconsideration#n the
designof IR magnetdn theHigh Fieldring are:

e Smallaperturgspeciallyin quadrupolegor generatindiigh gradients)
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¢ Brittle superconductorthat mustbe usedfor generatinghigh field and/orgradient
e LargelLorentzforces(associatedvith highfields)

e Smallseparatiorbetweerthetwo aperturegassociateavith the doubletoptics)

The endsof corventionalcosinethetadesigngput a practicallimit onthe minimumaperture particularlyin quadrupole
magnetsnadewith brittle material. To overcomethis andotherlimitationsthe highfield interactionregionis basecn
non-traditionaimagnetdesignswith racetraclkcoils. The designphilosophyadoptedhereis in partsimilar to the commoncoil
designusedin maindipolemagnetsTheseareconductorfriendly designawith large bendradii andaresuitablefor containing
large Lorentzforces.

Magnet Field[T] GradienfT/m] Aperturefmm] Length[m] Type
D1A 16 25 12.1 1-in-1
D1B 12 50 6.0 1-in-1
D2 12 50 11.1 2-in-1
Q1A 400 30 12.4 2-in-1
Q1B 600 30 12.4 2-in-1
Q2A 600 30 7.9 2-in-1
Q2B 600 30 7.9 2-in-1

Table26: Designparametersf the high field interactionregion magnets.

Theminimumseparatiorbetweerthetwo aperturesn Q1A determineshelayoutof the entireHigh Field interactionregion,
andthemaximumbeamsizefor the givenoptics. In addition,it alsoestablishethe maximumpoletip field of this andother
magnetsin corventional2-in-1 designsthe minimumseparatioris determinedy the conductomwidth requiredfor
generatindield gradientandthe supportstructurerequiredfor containinglarge Lorentzforces.In the proposediesignthe
amountof conductobetweerthetwo aperturess muchsmallerthanon ary othersideandno supportstructureis required
betweerthetwo aperturesThis bringsa large reductionin spacing(by abouta factorof five) betweerthetwo aperturesThe
crosssectionof the proposediesignis shovn in Figure43. In orderto facilitatelarge bendradii, thereturnpathof all turnsis
furtheraway from the aperture Field contoursandfield linesin the apertureof this magnetarealsoshowvn in Fig. 43. The
designis basedn "ReactandWind” NbsSnsuperconductowith a currentdensityof 2500A/mm? at12T.

Magnetshasedn thesedesignprinciplesusea muchlargeramountof conductothanthatin a corventionaldesign.However,
the costof conductoiis nota majorissuein designinga few critical high performancenagnetsThis designalsointroducesa
strongcouplinganda crosstalk betweerthetwo aperturesThe superimpositionof a dipolefield onthe quadrupolecoils
increaseshe peakfield onthe conductorandreduceghe maximumachiezablegradient.The maximumgradientin Q1A
(minimumseparation)s, therefore 400 T/m ascomparedo 600 T/m in Q1B, Q2A andQ2B wherethis effectis much
smaller Thegoalis to minimize the crosstalk inducedharmonicswith the exceptionof thedipolefield. By symmetrythe
normalevenharmonicsandskew oddharmonicsaretheoreticallyzero. Thetargetfield harmonicsaregivenin Table49,
whichincludesharmonicdrom bothdesignandconstructiorerrors. Thesevalueswill be obtainedeitherby designor by
correction.Table49 harmonicsaredominatedy designerrors,which areexpectedo decreasasthedesignevolves.All four
qguadrupolesvill have adifferentcrosssection.

TheHigh Field interactionregion usegthreetypesof dipole magnetsThe designof all insertionregion dipolesis alsobased
onracetrackcoils. D1A, D1B (oneeachon eachside)aresingleaperturedipolesandD2 (two on eachside)is a 2-in-1 dipole.
Theoperatingfield in thesmalleraperturg25 mm) dipole D1A is 16 T, with aquenchfield of ~18T. It usesHigh
Temperatur&uperconductofBSCC02212)in ahybrid design.The operatingfield in thelargeraperturg’50 mm) dipole D1B
isreducedo 12T to reducethe Lorentzforcesin largeraperture This field canbeentirely obtainedoy Nbz Snsuperconductor
Theinteractionregionwill alsocontaina numberof correctormagnetsThe higherorderharmoniccorrectorswill bebasedn
multi-layer coils within the samecoldmass.
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Figure43: A conceptuabtlesignof 2-in-1 IR QuadrupoleQ1A (left) andfield contoursandfield linesin the apertureregion of
themagnef(right). Thedesignminimizesthe spacingbetweertwo apertures.

3.7 Magnet aperture and field quality

To estimatethe effect of the magnetidield errorson the singleparticledynamic,the nonlinearchromaticity the tunespread
from nonlinearfieldsandthe 1000-turndynamicapertureverecomputedatinjectionandstoragesnegy. 1000turnsis
equialentto 0.7 secondsealtimein the VLHC.

Thetunechangeasa function of relative momentundeviationis computedor particlesof up to threetimestherms
momentundeviation. Thetunespreadrom nonlinearfieldsis computedor on-momentunparticleswith betatronamplitudes
of upto 6 o of thetrans\ersermsbeamsize.Five differentratiosof horizontalto verticalemittancenverechosen.

To determinethe dynamicapertureparticlesweretracked over 1000turns (0.7 secondsealtime). 10 differentrandom
distributions(“seeds”)of magnetidield errorswereinvestigated Thetotal trans\erseemittances distributedontothe
horizontalandverticalemittancen 5 ratios:

€ =096 €10ta1 €y = 0.04- €totar (66)
€z =0.75 - €t0ta1 €y = 0.25 - €0tal (67)
€z = 0.50 - €totar €y = 0.50 - €0t (68)
€z =0.25 - €totar €y = 0.75 - €total (69)
€z =0.04- €10ta1 €y = 0.96 - €0tal (70)

For both,injectionandstoragesnegy, aroundbeamwasassumeavith equalhorizontalandverticalemittance.The
accommodationf aroundbeamis moredemandinghantheflat beamat storagethatresultsfrom radiationdamping.No
synchrotrormotionwasincludedbut particleshada relative momentundeviation of threetimesthermsmomentundeviation.
Experimentdave shovn thatthe dynamicaperturecanbe computedor storageringswith nonlinearfield errorswithin a30%
errorwhenthefield errorsarewell known [13, 14]. For afuture machinehowever, alargersafetymamin is required.
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Figure44: Horizontalandverticaltuneasa functionof therelative momentundeviation ataninjectionenegy of 10 TeV. The
horizontalscalecorresponds$o approximately3 o of the momentunrdistribution.
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size.At aninjectionenegy of 10 TeV.
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Figure46: Tunespaceneededor on-momentunparticleswith betatroramplitudesof upto 6 sigmaof thetrans\ersermsbeam
size,without systematioctupoleerrorsin dipoles.At aninjectionenegy of 10 TeV.
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3.7.1 Injection

Theeffectof the magnetidield quality on thedynamicaperturevasinvestigatedat theinjectionenegy of 10 TeV. At
injectionthe beamsizehasits maximumanderrorsin the arc magnetglominatethe dynamicaperture With the current
one-turninjectionscenarioa storageime in the orderof secondss sufficient.

In thelattice thatis usedfor the evaluation,no interactionregionswereinsertedsincethe dynamicaperturas dominatecby
thearcs.Arc magneterrortablesversionl.0wereused(seeTabs.45 and46). In thesetables field errorsatinjectionwere
estimatedor a2.0T field in thedipoles.However, aninjectionof a 10 TeV beamwould correspondo a1.4 T field in the
dipoles.Thedifferencein themainfield shouldnot affectfield errorscauseby geometry Only the sextupolecomponentn the
dipoles,causedy coil magnetizationis expectedto be materiallydifferent. The systematierrorwerecomputedasthe
maximumpossibleabsolutevaluewith givenmeananduncertaintiesRandomerrorswerecreatedrom a Gaussian
distribution, cutattwo sigma.

Quadrupolesverehorizontallyandvertically displacedandomlywith a Gaussiaristribution with a0.3 mm rmsvalue,cut at
threesigma.In addition,beampositionmonitorsweredisplacedwvith a0.2 mm rmsvalue. Theresultingnon-zeroclosedorbit
wascorrectedo zeroin thebeampositionmonitorswith horizontalorbit correctorsat focusingquadrupolesndvertical orbit
correctorsat defocusingquadrupolesSkew quadrupoleerrorsin thearcsweredisregardandno couplingcorrectionwas
necessaryThetrans\ersetunesweresetto (218.190,212.180 Both horizontalandverticalchromaticityweresetto 2.
Tracked particleshada momentundeviation of upto Ap/p = 7.2 - 10~*, correspondingo threetimesthermsof the
momentundistribution. The physicalapertureof 1 cmin thearcscorrespondso 35 ¢ of thetrans\ersebeamsizein the
guadrupoles.

In Fig. 44 thehorizontalandverticaltunesareshovn asa functionof therelative momentundeviation. With relative
momentundeviationsof up to 0.00072 the tunesshift by upto 0.008.Fig. 45 shavs the tunespaceneededor on-momentum
particleswith betatronamplitudesof up to 6 sigmaof thetrans\ersermsbeamsize. The sizeof theneededunespaces
dominatedby the systematioctupoleerrorin thedipole. Thisis shavn in Fig. 46 wherethe systematioctupoleerrorswere
setto zero.Fig. 47 shovs dynamicapertureaveragedover the 10 seedslongwith the minimumof the 10 seedsTheerror
barsof the averagedynamicaperturearethermsvalueof 10 seeds.

Althoughlinear couplingandsynchrotrormotionweredisregardedn the determinatiorof the dynamicaperturethefield
quality with the magneffield errortableV1.0 is sufficient for injection. In addition,A reductionin the systemati®mctupole
erroris likely to yield a furthergainin dynamicaperturesincethis field errordominateghe tunespreadrom nonlinear
magnetidield errors.

3.7.2 Storage

At the storageenepy of 87.5TeV thebeamsizeis smallcomparedhe physicalapertureIn thearcsthe physicalaperturds
largerthan100rmsbeamsizes.Thedynamicapertures dominatedby magnetidield errorsin theinteractionregion magnets
wherethe betafunctionsreachvaluesof severalkilometers.Storageimesareseveralhours.Herethe caseof roundbeamsat
theendof accelerations considered.

Versionl.1of thearcmagneterrorsandversionl.0 of theinteractionregion magneterrorswereused(seeTabs.47,48,and
49). However, only Q1 andQ2 magnetsn theinteractionregionswereassignedrrorssinceno estimatexist for the other
magnetsTrackingwasdonewithout quadrupolelisplacementdf suchdisplacementareintroducedandcorrectedn the
arcs,thesmallresidualorbit distortionsleakinginto theinteractionregionsmake ary testparticleunstable As for injection,
thetrans\ersetunesweresetto (218.190,212.18). Tracked particleshada momentundeviation of upto Ap/p = 1.9- 104,
correspondingo threetimesthermsof the momentundistribution.

In Fig. 48thehorizontalandverticaltunesareshovn asa functionof therelative momentundeviation. With relative
momentundeviationsof up to 0.0002 thetunesshift by up to 0.005.Fig. 49 shonvs thetunespaceneededor on-momentum
particleswith betatroramplitudesof up to 6 sigmaof thetrans\ersermsbeamsize.Only afew 102 areneededn tunespace.
Fig. 50 shovs dynamicapertureaveragedover the 10 seedsalongwith theminimumof the 10 seedsThedynamicaperturds
about35 ¢ of thetrans\ersermsbeamsize. Althoughthis appeardo bealargeaperturenotall interactionregion magnetshad
errorsassignedFurthermorethe closedorbit errorappearso have a significanteffect on particlestability. The closedorbit
errorandits correctionwarrantcarefulstudy
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3.8 Tolerances

In this sectionwe considetthe effect of magnetmisalignmentaswell asthe effect of maindipole andquadrupoldield errors
onthebeamorbit andbetatrontunes.We discusghetolerancedor misalignmentandfield errorslistedin Table27. To this
purposewe usethe high-fieldstorageopticswith 8; = 3.7mandgy = 0.37m.

RMS ERROR ARC IR
QUADRUPOLES

Trans\erseoffset 0.25 0.2 mm
BPMto quadoffset 0.15 0.1 mm
Roll 0.5 0.5 mrad
FieldErrorAK/K 05 0.1 1073
DIPOLES

Roll 0.5 0.5 mrad

Field Error AB/B 05 05 1073

Table27: Tolerancesummaryfor magnetalignment

3.8.1 Orbit errors

Possiblesourcef orbit errorincludetranswersequadrupolemisalignmentgin boththe horizontalandverticaldirections),
maindipolefield integral errors(for the horizontalorbit), androll of the maindipole magnetgfor the verticalorbit). In order
to estimateandcomparehevalueof the orbit distortioncomingfrom thesedifferenttypesof errorsourcesthermsclosed
orbit hasbeencalculated.The calculationsassumedhe rms magnetmisalignmentdistedin Table27. Eachof five different
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individual perturbatiorsourcesvereconsideredn turn. In somecasegheerrorsareintroducedn all magnetsn the
acceleratoarcs,while in otherstheerrorsareappliedto the quadrupole®f oneof theinteractionregion doublets.

The calculatedesultsaresummarizedn Table28. Horizontal(X) andvertical(Y) rmsorbit valuescharacterizéhe
contribution comingfrom the differentperturbatiorsourcesThe correctorstrengthgequiredto compensatéor the
perturbationsrealsolisted. Thesestrengthsverecalculatedassuminghatin thearcregionshorizontalcorrectorsareplaced
next to eachfocusingquadandverticalarenext to defocusingquads.In theinteractionregion doubletsthereis onecorrector
perplane.Thebiggesteffect comesfrom quadrupoleffsets. Thedipoleintegral field erroranddipoleroll errorsquotedin
Table27 havelittle influenceon therequiredcorrectorstrength.

Errortype X orbit  RequiredX strength Y orbit  RequiredY strength
rms[mm] rms[Tm] rms[mm] rms[Tm]

Arc Quadoffset 34 0.9 34 0.9

Arc dipoleroll 5 0.25

Arc dipolefield error 5.7 0.3

IR Quadoffset 9 3.4 12 3.4

IR dipolefield error 0.7 0.04

Table 28: RMS horizontalandvertical dipole correctorsstrengthsrequiredto correctthe closedorbit underthe influenceof
differenterrorsources(BPM-to-Quadmisalignmentffectis includedin quadoffset.)

3.8.2 Tuneerror, coupling and IR chromatic effects

Thebetatrortuneshift causedy anrms quadrupoldield errorof 10~* andthe betatroncouplingeffect producedoy rms
quadrupoleolls of 1 mradhave beencalculated Table29 shavs the effect producedoy quadrupolegradienterrors,while
Table30 showvsthecouplingeffect producedby quadrupoleolls.

Thetoleranceor arcquadrupoleerrorcanbeputats x 10~* providing a2.5 rmsbeta-beatingyalueof about9% is
acceptableA smallnumberof quadrupolecorrectorgplacedin thearcswill easilycompensatéor this beta-beatingField
errorsin interactionregion quadrupoleganbe correctedoy adjustingthe currentsof power supplyfor thesequads After the
currentadjustments donethe currentfluctuationsshouldbe keptwell belov the 10~ level. Both globalcorrectionin thearcs
andlocal skew quadrupolecorrectionin theinteractionregionsarerequiredfor the compensatiowf betatroncouplingeffects.
With thesecorrectionsystemsn placeit is possibleto relaxthe quadroll tolerancego about0.5 mrad.

rmsAQ [1073] rmsAB/S [%]

All arcquads 1.15 0.75
IR doubletquads 3.0 3.26

Table29: Theeffectsof quadrupolegradienterrorswith anrmsvalueof AK/K = 10~*.

Becausef the very largemaximumg valuesin theinteractionregion quadrupolesthe chromaticeffectsproducedby these
quadrupolehiave beenevaluated For the designvalueof rmsmomentunmspreaddf 5 x 10~° theamplitudeof the chromatic
verticalbeta-wave wasfoundto bejustafew percent.Thustheeffectis notlarge,mainly dueto thesmallrmsmomentum
spread Theverticalchromaticityproducedby the quadrupolegrom oneinteractionregion hasbeenfoundto be about—42.
Thehorizontalchromaticeffectsaresmallerthanthe vertical.

3.8.3 Corrector strengths

Themaximumdipole correctorstrengthglisplayedn Table31 are2.5timesthermsvaluewhenall errorsourcesre
combinedn quadratureAssuminga maximumachiesablefield of 3.5T for the IR dipolecorrectorsand2.2 T for thearc
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IMSAQmin [1073]

All arcquads 11.4
IR doubletquads 30.0

Table30: Thebetatroncouplingeffect dueto anrmsquadrupoleoll angleof 1.0 mrad.

dipolecorrectorsmagnetidengthsof 1.05m in thearcsand2.5m in theIRs arerequired.If the maximumcorrectorstrengths
areincreasedo highervaluesthanthosecitedin Table31,thenthecorrespondingolerancesn Table27 canberelaxed
accordingly

Eventhe maximumdipole correctorstrengthdistedin Table31 cannot make up for the magnebwffsetdiffusioncausedy the
groundmotionthatis describecelsavherein this report. Groundmotionmight put magnetffsetswell beyondthe defined
tolerancesfterfew yearsof movement.Thus,periodicmagnetrealignmentwill be necessarySomemeango simplify the
realignmenproceduresuchasusingsteppingmotors,shouldbe evaluated.

ARC CORRECDORS

Dipole magnetidength 1.05 m
Dipole maxstrength 23 Tm
Skew quadlength 095 m
Skew quadmaxstrength 95 T
Sextupolemagnetidength 095 m

Sextupolemaxstrength,L(d? B/dz?) 7400 T/m

IR CORRECTORS

Magneticlength 25 m
Dipole maxstrength 86 Tm
Skew quadmaxstrength 95 T

Table31: Correctormagneticlengthsand strengths.The maximumstrengthsare 2.5 timesthe rms valuerequiredwhenall
contritutionsareaddedn quadrature.

3.9 Corrections

Thehighfield VLHC collideris amachinethatrelieson powerful diagnosticsaandcorrectionsystemgo reachits ultimate
performancesimilarly to existing andplannechadroncolliderslike RHIC andthe LHC. Staticcorrectionsof trajectory orbit,
opticalerrorsanddistortionsarerequiredaswell asdynamiccorrectionsof machinecharacteristiacluringrampingandbeta
squeezeTheeffectivenesof feedbacksystemsasto be evaluatedwith respecof thetighteningof toleranceslin the present
chaptemwe will specifya correctionsystemfor VLHC onthe basisof the errortolerancesvorkedout for the VLHC itself and
experiencefrom recentlybuilt or designechadroncolliders. Thefollowing two sectionsdescribehearccorrectionsystem,
andthe specialcorrectionrequirement®f theinteractionregions.

3.9.1 Arccorrectionsystem

Thearccorrectionsystemconsistf anorbit correctionsystema couplingcorrectionsystemanda chromaticitycorrection
system.Thecorrectionplanis to usethearcsystemso correcttheinjectionconfigurationwith enoughstrengthto propagate
thecorrectiongo top enegy. Additional errorsandeffect arisingfrom the collision opticsandconfigurationareaddressedly
theInteractionregion (IR) system.This stratgyy hasbeensuccessfullyjusedin RHIC. Preliminarysimulationresultswith the
VLHC injectionopticsandpredictedield imperfectiondeadto the conclusiorthatthereis no needfor nonlinearcorrectorsn
thearccellsotherthanthe chromaticitysextupoles.The orbit correctionsystemconsistof dipole correctorgplacednext to
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eacharcquadrupole The configurationof the arc correctorpackagegdipole,sextupole)andthetolerancesverealready
discussedh the previouschaptersThe specificatiorfor the correctorstrengthsarelistedin Table31.

Automaticorbit correction basedon a menuof algorithms,will be provided,basedn fastorbit acquisitionfrom thebeam
positionmonitor systemjncludingturn-by-turnacquisition.Sextupolecorrectorsarealsopartof thearccorrectorpackageto
staticallycompensatéhe chromaticeffect anddynamicallycompensatéor time dependenéffectin themagnets.

For the correctionof couplingthe proposedsolutionhasthe skew quadrupolesocatedat QF andQD positionsin the
dispersiorsuppressocells,in the 2 utility regionsin theinteractionregion areas.The skew quadrupolaeplacethe sextupole
correctorin thearccorrectionpackageconfigurationfor atotal of 80 skew quadrupolecorrectorerring. The skew
guadrupoleganbe connectedn up to 4 families,which allows flexibility in choosinghe methodfor couplingcompensation.
The systemspecificationhave beendeterminedy evaluatingtheleadingsourceof couplingin thearcs,theroll misalignment
errorin thearcquadrupolesandallowing somemaurgin for the compensatiof skew quadrupoleerrorfieldsin thedipoles.
The specificatiorfor the skew quadrupoléntegratedstrengthin the correctorpackage95 T, hasbeenusedto comparethe
performancef the VLHC skew quadrupolecorrectionsystemto the similar RHIC system As afigure of merit,wetake R =
(total skew correctorstrengthy [v/N * (arcquadstrength)with the numeratoibeingthe total skew correctorstrength
availablein themachineandthe denominatoproportionalto the minimumtuneseparatiorgeneratedby a distribution of
randomroll errorsin thearcquadrupoles.

Theratio for RHIC (with 1.5T integratedstrengthin the skew quadrupoles48 skew quadrupoleperring, and276arc
quadrupolesit 7.81T each)is 0.56. For the VLHC (80 skew quadrupolesit 95 T and784 arcquadrupolesd m long anda
gradientof 400 T/m) theratiois 0.18,aboutafactor3 from RHIC. Giventhattheroll misalignmenspecificatiorfor RHIC is
1 mradin thearcquadrupolesthe proposedskew correctionsystemof the VLHC canadequatelzompensatarandom
alignmenterrorin thearcquadrupolesf 250 urad,with somemaugin for othersourcef arccoupling. Couplingeffects
arisingfrom theinteractionregionsarecorrectedwith the IR decouplingsystemandwill bediscussedn the next section.

3.9.2 Interaction regioncorrectionsystem

Thegoalof thelR systemis to locally correctfor effectsanderrorsarisingfrom theinteractionregions. Thefactthatthe effect
of thelRsis mostrelevantin collision optics,whenthefocusingat theinteractionpoint (IP) andthebeatfunctionsin the IR
final focusquadrupolesremaximized,is whatmalkesthis correctionmodularitypossible Theindependenéndlocal
correctionof IR effectshasbeena guidingprinciplein the designof RHIC andthe LHC.

ThelR correctionsystemsanbefunctionally dividedin linearandnonlinear but theimplementatioroftenfavorsintegrated
solutions Jike multi-layercorrectionpackagesgiventhetight constraintoon spacenearthe IP. The schematicsor the
proposedR correctionsystemis displayedn Figure51.

Two correctionpackagesreplacedin the3 m drifts betweerthetwo doubletquadrupolesa skew packagebetweenQ1A and
Q1B, anda normalpackageetweernQ2A andQ2B to take advantageof the betafunctions.A detailedmagneticdesignof the
IR region correctionsystemis in progresssothe specificationaredrivenfrom therequirementandextrapolationfrom the
correctionpackagealesignedor thearcs.Thelinearcorrectionsystemconsistof 2 dipole correctorsandl skew quadrupole
layer. Thedipolecorrectorsprovide orbit control, IP andcrossinganglecontrol. An integratedstrengthof 8.6 Tm will correct
for thetolerancedistedin Table27. Feedbaclon beampositionatthe IP andon the crossinganglemay be requiredandwiill
beaddresseth thefuture.

The skew quadrupolecorrectoris usedto compensatéocally theresidualcouplingfrom thefinal focusdoubletquadrupoles.
Withoutlocal correctionatoleranceof 0.1 mradon thedoubletalignmentwould be requiredto keepthe minimumtune
separatiomM\@,,.;» < 0.003. An uncorrectedoleranceof 0.1 mradis consistentlsowith extrapolationfrom LHC andSSC.
With anintegratedstrengthof 95T in thelocal skew quadrupoletthe doubletit is possibleto compensatéor aresidual
misalignmenbf 0.5 mrad,thusrelaxingthe alignmenttolerance Furtheroptimizationbetweerroll alignmenttoleranceand
local skew quadrupolestrengthwill benecessary

Thenonlinearcorrectionsystemis modeledafterthe designof the RHIC andLHC systemsadaptedo the doubletoptics
configurationandwith consideratiorio the designof the VLHC doubletquadrupolesA local sextupole,octupoleanda
dodecapoleorrectorarepartof thenormalcorrectorpackageanda skew sextupoleandoctupolearein the skew package.
Thechoiceof layersis dictatedby previousexperiencewith RHIC andLHC andfrom preliminaryvaluesof thedoublet
harmonics A moredetailedstudywill be necessaryo validatethesechoicesandto determineghe strengthof the nonlinear
correctionlayers.With the presentechnologya 4-layercorrectoris atthelimit of feasibility. Shouldadditionalor stronger
correctorsbenecessarythey canbeinstalledin thedrift betweernQ1B andQ2A or betweernQ2B andD2.

TheVLHC IRswith thenominalopticscontribute —42 units of verticalchromaticityto a machinethathasa natural
chromaticityof lessthan—200 units. The needfor alocal chromaticitycompensatiosystemto correctfor the secondrder
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Figure51: Schematics the Interactionregion correctionsystem

chromaticityfrom theIRs will have to be addressedTo this endthe sextupolecorrectorat the doubletis uselessinceit is in a
zerodispersiorocation. ShouldIR secondrderchromaticitycompensatiobe necessaryhatcanbeachievedwith 2 families
of sextupolesplacedin thearcregion adjacento theIRs. Thefirst family SX1 compensatethesecondrderlR chromaticity
thesecondramily SX2 is necessaryo suppresshefirst orderchromaticitycontributedby SX1.
Doubleplanebeampositionmonitors(BPMs)areessentialn theinteractionregion andthey have to beincludedin the
planningfrom the start. The BPM in front of D1A is themaintool to monitorthe IP andmusthave capabilityof observing
bothbeams.TheotherBPMsareusedfor orbit andcrossinganglemonitoring.

3.10 Beamstability

Table32 lists fairly well known parameterselevantto beamstability. Unknowvn parameterncludethe broadbandimpedance
aswell asnarronv bandparasiticimpedanceskor thelatter quantitiesthe stability calculationswill be usedto obtainsafe
limits.

Startby consideringhe situationat injectionenegy. Trans\ersecoupledbunchstability is largely determinedy theresistive
wall impedanceWith its large circumferencehe relevantfrequeng rangefor VLHC startsat ~ 1kHz. Theskin depthis

givenby
5= | 2P (72)
plwl

wherep, is theelectricalconductvity, 4 is the magnetigpermeabilityandw = 2x f is theangularfrequeng, with all

quantitiesin MKS. For purecopperat 80K theelectricalresistiity dueto phononscatterings p, = 1/0, = 1.6 x 107%Qm
[17]. Thereis anadditionalcomponento theresistvity dueto impurity scatteringvhich remainsto be determinedFor cold
stainlessteel(SS)the conductiity is ps = 1/0s = 7.3 x 10~ "Qm[18]. For afrequeny of f = 1kHz theskin depthin cold
copperis > 0.64mm, while for cold SSit is 1.4cm. The > for the copperis dueto neglectingimpurity scattering.To reduce
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PARAMETER INJECTION INITIAL STORE
circumference 27 R = 233km

kineticenegy 10TeV 87.5TeV

RF Voltage 50MV/turn 200MV/turn
RFfrequeny 488MHz

synchrotrorfrequeny fs = 3.48Hz fs = 2.35Hz
rmsbunchlength o = 0.273ns o, = 0.112ns
nominalbetatrontunes @, =218.19,Q, = 212.18

beampiperadius b=1cm

rmsnormalizedirans\erseemittance 1.5um 1.5pum
nominalchromaticity Q, =+2,Q;, = £2 Q, = £2,Q;, = £2
revolution frequeny fo = 1.286kHz

Yt 194.13 194.13
rmslongitudinalemittance wo(E)o(t) = 2.0eV-s

bunchedor symmetricfill M = 41280

protons/linch 9.0 x 10°

Table32: Parameterselevantto beamstability.

uncertaintieshe copperlining will be neglectedandtheresistie wall trans\erseimpedancét takento be

Re(1 — isgn(w))
Tl ey = A" WEMEW)) 72
+ 2wb30 46, (72)

wherewe have assumed time dependencec exp(—iwt). Note thattheresistive wall impedancevill probablydominatethe
trans\erseimpedanceso calculatingthe effect of the copperiner shouldtake precedencever estimatingtheimpactof the
myriad smalladditionsto thetrans\erseimpedance.

Thecoherenbetatronfrequeng in theweakcouplinglimit of theWangformalism[19 is

I_c > =2 2
AQm = mws — 1 Z1[(nM + s)wo + wale™™ 7 (7o) 2™, (73)
4w?"ﬂnﬂKE&ﬂnQﬂn2;m
wherem = ..., —1,0,1,...is thesynchrotrormodenumber w; is theangularsynchrotrorfrequeng, I is theaverage

current,M is the numberof bunchess is the coupledbunchmodenumber Er/q is thetotal protonenegy dividedby its
chage, o is thermsbunchlengthin unitsof machineazimuth,s = nM + s + Qs — Qp/n, andn = 1/42 — 1/~4?istheslip
factor

Equation(73) assumed/ identical,equallyspacedunchessoit neglectsthe effect of theabortgap. This is astandard
formulathatcanbefoundin ZAP, Chaos book,or any numberof papers Figure52 shavs thereal (dQr) andimaginary(dQi)
partsof thetuneshift for m = Qg = 0 attheinjectioneneny.

The maximumgrowth ratewith Im(AQo) = 0.05 occursfor the lowestnegative sidebandvhich would have anobsenred
frequeny of 0.8 fo = 1.03kHz. The growth rateof 0.4/ms correspondso ane-foldingtime of 3.2 turns. This modeand
severalotherlow frequeny modesneedto be damped Following Marriner's suggestiorf20] assumea trans\ersepickup
whichis low pasdfiltered,amplified,andappliedto akicker 1/4 of abetatrorwavelengthdownstream For low frequencies,
beampositionmonitorsdifferentiatethe input signal,whichis the productof theinstantaneousurrentwith the offset. A
simplemodelproducegheeffective transerseimpedance

2
S U
Z14(w) = Ze (1—if/fd> ' (74)

Settingfy = 5kHz, andchoosingZ, sothatthefastestlampednodehasd@i = —0.4, in theabsenc®f theresistve wall
impedanceyieldsthe growth shovn in Figure53. With thedampeythe growth rateof the mostunstablemodeis afactorof 20
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smallerthanwith no damper It is assumedhata bunchby bunchdamperwith oneturn delay or similar device, cantake care
of ary residual rigid mode,coupledbunchinstability.

Next considerthefastheadtail instability. Thisis doneby choosingatune@, = 212.5 with M = 41281 ands = 20428.
Thesenumberssatisfys + @, — M = —(s + @,) whichgivesgrowth ratesidentically equalto zerofor theweakcoupling
limit. In this caseinstability occurswhentheimpedanceauseshe coherenfrequencie®f adjacensynchrobetatron
sidebandso collide. Theformulasmaybefoundin [21]. They appeato beidenticalto the MOSEScode[22] but no direct
checkhasbeenperformed.Figure54 shavs the fasthead-tailthresholdatinjectionenegy. Thedesigncurrentis safeby about
afactorof 2 evenwith theassumptiorof no copperliner. With the copperiner the tuneshifts shouldbe substantiallysmaller
soanrf voltageof 50 MV /turn is probablyfine.

Thelasttrans\erseinstability to consideris the normalhead-tailinstability. We limit our attentionto modesthataredamped
by thelow frequeny damperusings = —220 asatestcase.Usingtheweakcouplingformulasthereis no instability
predictedfor 0 < Q;J < 2 atinjectionenepy, which agreeavell with experience With modecouplingbetweerthe 3 lowest
synchrotrormodes asperFigure54 the samerangeof chromaticitiesare,again,stable.With couplingbetweerthe 6 modes
with |m| < 2 aweakinstability atinjectionenegy with dQi < 10~° is found. The growth ratedependslightly on
chromaticitybut somegrowth is alwayspredicted Predictiondor otheracceleratoraresimilar, with no instability shaving
upin therealmachine . More work is neededo understandhis but it is likely thatsynchrotroror betatrontunespreadwill
Landaudampthehigherorderunstablemodes.

Longitudinalinstabilitiesatinjectionandduringtherampwill notbea problemif theimpedancas keptsmallenough.Since
transitionis notcrossedhebroadbandimpedancevill beanissueonly if the coherentuneshift is largeenoughto cause
undampedaoherenbscillations.Theseoscillationsarenotin themselesa problem,but will allow smallparasiticresonances
to drive unstablemodes.Therefore the broadbandimpedanceés constrainedy demandinghatcoherentipole oscillations
aredampedoy the synchrotrortunespread.This remainsto bedone.

Trans\erseinstabilitiesat storearemoreinteresting.Figure55 shows the growth ratesof them = 0 modesat the beginning of
store.ThemostunstablenodehasIm(AQ) = 0.0025, whichis significantlylargerthanthe synchrotrortune. If this modeis
presenit mustbeactively damped.
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3.11 Synchrotron radiation

Protonbeamsdn the VLHC emitsynchrotrorradiationjust aselectronsdoin electronstoragerings. An importantadvantage
of synchrotrorradiationin the high enegy ring is thatthe significantdampingstabilizesthe beamdynamics shrinksthe
emittancesenabledlat beamcollisions,andtendsto make storeperformanceéndependentf injectionerrors.Ontheother
hand,disadwantagesncludealarge powerloadto the cryogenicsystem photoninducedgasdesorptionandthe possibility of
electroncloudinstability.
Thecritical wavelengthcharacterizinghe synchrotrorradiationspectrunin adipole of bendradiusp = 29.9 km is
47p
wherey = 9.33 x 10* is the Lorentzfactorcorrespondingo the storageenegy of E = 87.5 TeV. Photonsareemitted
tangentiako the protonpathwithin asmallangled ~ 1/+ ~ 10 urad. Thevastmajority of photong(91%) have enegies
smallerthanthecritical enegy, givenby
1.239
E. [k = —— = 803k 7
. [keV] e [A] 8.03 [keV] (76)
Nonethelesghecritical enegy dividesthe spectrunin half with respecto thedissipatecower.
Theenepy lossperparticleperturnis
C,E*

Up = —5—C< G? >=15.3 [MeV] (77)
™

where( is thetotal circumferencethe constanC, = 7.783 x 10~'® m GeV 2 for protons,andG = 1/p is thedipole
bendingstrength Angle braclets<> denoteanaverageoverthe entiredesigntrajectorycircumferencen thegenerakase
whenthereis morethanonebendradius.However, the VLHC is isomagnetic- hasonly hasonebendradius— andso

1
<G">= — (78)
pn
Thenumberof photonsemittedperprotonperturnis
15v3 Uy
N,=—— — =61 79
andsothetotal photonrateperunit lengthin adipoleis
dN 17 16
e 2.56 x 10T = 1.76 x 10°° [photons/(m s)] (80)
wherethenominalbeamcurrentis I = 68.9 mA. Thetotal synchrotrorpower radiatedn asinglering is
P = Uyl = 1.05 [ MW] (81)
for atwo ring total of 2.1 MW.
The exponentialdampingtimesfor the amplitudesof horizontal,vertical,andlongitudinaloscillationsaregivenby
Tzr,y,s = TO/Jr,y,s (82)

wherethecharacteristitime Ty, = 2T'(E/Uy) is simply relatedto the revolution period,T". Naturalpartition numbervalues
(Jz, Iy, Js) = (1,1, 2) areassumedTheequilibriumrmsmomentunwidth is

2
5%\ _ Ci? <G*> (83)
P Js <G?>
while the naturalnormalizedrms horizontalemittances
o? Cyy® <G*H >
= 77— = _— 84
€z Y T, <2 > ( )
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whereC, = 2.087 x 10716 m and H is a propertyof the FODO cell optics
H = yn° + 2am' + B (85)

wherea, 3, v, andn areTwissfunctions.

NotethatUs ~ B~? andTy ~ 1/(B2y), whereB is thedipolefield, independenof thelattice opticsstructure The
momentunwidth is alsoindependenof thelattice structure andscaledike o, /p ~ /B~. By contrastthe naturalhorizontal
emittancedependstronglyon thelattice,scalinglike e, ~ B3L3, whereL is the half lengthof aFODOcell. Thenormalized
emittancds independenof enegy!

Electronstorageingsall operatewith aroomtemperaturdeamervironment.By contrastwhena significantnumberof
photonsareemittedin the cryogenicervironmentof a superconductingadroncollider, it is necessaryo introducealiner
betweerthe cold vacuumwall andthe beam.This necessitywasrecognizedvenbeforethe LHC design,astheresultof
experimentgerformedo studythe photonstimulateddesorptiorconditionsexpectedat cryogenictemperatured the
SSCJ[15]. More refinedexperimentshave beenperformedduringthe LHC designprocesg16].

Thebasicmechanisnof gasdesorptioratthe beampipeor liner surfaceis electronexcitationfrom theincidentphotons.
Thesephotonshave enoughenepy to ejector excite eventheinnershellelectrons Thereareseveralunwantedelectron
relaxationresultsat surfacesin the VLHC lik e ejectedandsecondarglectronsneutralsandion desorptionThe
“redistribution” of (mostly) hydrogemrmoleculescontinuallyenhanceshe backgroundracuumpressureén boththe LHC and
theVLHC, reducingthe beamlife time. Hydrogenmoleculesarephysisorbedt the cold walls with abindingenegy of less
thanl eV. Thedependencef the hydrogenvaporpressuren thewall temperaturés showvn in Fig. 56.
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Figure56: Hydrogenvaporpressurasa functionof coverageandtemperature.

TheLHC is confrontedwith therealpossibility of anelectroncloudinstability. Whenfreeelectronsarepresenin thebeam
pipe,theelectricfield of the passingorotonbunchescanacceleratéhemto enegiesin thekeV range.They thenhit the other
sideof theliner wall, creatingsecondaryelectronavhich maybeacceleratethy afollowing bunch. An avalancheprocessan
occur, leadingto a largethermalbeamload andevento beamloss. Oneimportantparameterthe secondarglectronyield,
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Figure57: Yield of secondanglectronasa functionof enegy of primaryelectrons.

determineshe averagenumberof secondarelectrongerincidentelectron.lt varieswith thewall materials surface
conditions,andwith theincidentelectronenegy, asshavn in Fig. 57. Anotherimportantparameters the spacingoetween
buncheslf thetime betweerbunchess muchlargerthanthetypical time for electrongo travel betweerthetwo liner walls,
thentheavalancheprocessnaybe suppressedlhe photonreflectiity of theliner or vacuumwall is anothelimportant
parameter

A dedicated/LHC workshop,Synirotron RadiationEffectsin the VLHC, wasorganizedn Septembef000,at Brookharen

NationalLaboratoryto discusghe operationalmpactof synchrotrorradiationin bothlow andhighfield rings. Major
conclusiondrom theworkshopinclude:

1. Alineris necessaryn bothlow andhighfield rings

2. Evenwith aliner, asignificantpump-outtime will be necessaryo reachstableoperatingvacuumconditions.The
hydrogervaporpressurén the beampipe mustlessthan~ 10~ Torr for beamlifetimeslargerthan100hours.The
coverageof hydrogemmoleculesandthevaporpressuretiserapidly above cold boretemperaturesf 3 K. If thecold

boretemperaturés largerthan3 K, thenadditionalpump-outgettermaterialshetweertheboreandtheliner mightbe
required.

3. Preliminarycalculationsshav thatthe electroncloudinstability could be seriousif the numberof protonsperbunchis
largerthan2 x 10'°. Fortunatelythis is morethanafactorof 2 largerthanthe nominalpopulationof N = 9 x 10°.

4. Thepowerloadfrom the synchrotrorradiationto the cryogenicsystemcanbereducedf it is possibleto placea special
“warm” photonstopperonceevery few dipoles.
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3.12 Electron cloud instability

Themostcritical issueis secondaryelectron(SE) multipacting. The secondaryelectroninducedheatloadandbeam
instabilitiesarenot expectedo be problemsat beamintensitiesbelov the multipactingthreshold. Above the threshold some
approachhasto betakento suppresglectronmultipacting.

TherecentSPSmachineexperimentis agoodreferenceor electroncloudbuild-up in acceleratorike the VLHC. The SPS
obsenedelectronscloudstartingto build up afterthe passagef 30 bunchesat singlebunchintensitiedargerthan

N > 6 x 10'° with abunchspacingof 25 nsbetweerbunchesof full length4 ns. No electronbuild up wasobsenedfor

N = 2.5 x 10!, with abunchspacingof 130nsbetweerbunchef full length7 ns.

Thetwo key elementsn afirst estimateof the electroncloud build-up thresholdarebunchspacingandbunchintensity The
bunchspacingdetermineshefractionof secondanglectronghatsurvive until the next bunchpassageandis thereforea
critical factorin electroncloud build-up. The generakonditionfor build-upis Y > 1, whereq is the secondarglectron
survival fraction,andY is the averageSE yield afterthe bunchpassage.

Thesecondarglectronshave anenenpy distribution [27]

iN. [E N, | E )
dE ~ \ By varE,, P\ 2E,.

whereN, is thetotal numberof electronsandE;,, is theenepgy atthe peakof thedistribution, with E,,, ~ 2.5 eV for a
stainlesssteelvacuumchamberThe secondarglectronsalsohave anangulardistribution, givenby the cosineof the angleto
thenormalof the metalsurface,independensf the projectileincidentangle[28]. Thesecondarglectrontransittime
distribution dN, /dt canbe calculatedrom the SE enegy andangulardistributions. Finally, the secondarglectronsurvival
fractionis obtainedasa functionof thelengthof thebeamgap,

alt) =1 /Ot (%) dt (87)

Figure58 shavs the secondarglectronsurvival fractionasa function of bunchgapfor a high field beampipeliner with a
radiusof 10 mm. Also shawvn is the SPSsurvival fraction,wherethe 22.5mm x 70 mm chambeiis representetly anaverage
radiusof 30 mm. More than90% of the secondarelectronssurvive with the VLHC bunchgapof 18.8ns. This alonedoesnot
necessarilyndicateelectroncloud build-up, but it doesmotivatea closelook at bunchintensityeffects.

Considerntwo bunchintensityaspectsthe averagekinetic enegy gainedby secondarglectronsasthe next bunchpassesand
thebeampotentialwell. Theaveragekinetic enegy gainis independentf the bunchlength,but depend®nthebunch
intensity thetrans\ersesizeof thebeam,andthe beamchambeisize. The beampotentialwell depend®n all of thesefactors,
includingthe bunchlength. The averageenegy gain,which canbe usedfor a simplified estimateof the electroncloud

build-up, is [27, 28]
e (NeZy\®, (b
@e) = = () u(?) (88)

wherem, is themassof electron,N is the protonbunchpopulation,Z, = 377 2, andb anda aretheradii of thechambernd
thebeam respectirely. Accordingto the Seilermodel[30] theyield is then

E —0.35 E 1.35
Y = L11 6max (ETm> <1 — exp <—2.3 (E,,m) (89)

whereE,,, is theprojectile(electron)enegy thatgivesriseto maximumyield, 6max.

Theseparameterarein therangesl.2 < 6, < 1.6 and300 eV < E,,, < 500 eV, for stainlessteelwithoutthe scraping
effect. Thereforewe maytake dmax = 1.4, andE,,, = 400eV, withoutlosinggenerality Figure59 showvs atypical
secondarelectronyield versusthe primary electronenepy, for a stainlessteelsurface.Only primary electronswith akinetic
enegy from 150eV to 1400eV have ayield largerthanunity.

For the SPSwith a bunchintensityof N > 6 x 1019, usingthe verticalchambeihalf apertureof b, = 22.5 mmanda = 3.2
mm, the averagesecondarglectronenegy gainis (AE) = 112 eV. For the VLHC high field ring, with N = 0.9 x 10'°,

b =10 mm,anda = 0.074 mm atcollision, theaveragegainis (AE) = 32 eV.

A yield greaterthanunity is obtainedn the VLHC highfield ring only for averageenepgy gainsabove a thresholdattained
above abunchintensitythresholdgivenby N > 3.15 x 10'°. Whentheeffect of finite bunchspacings included,through
whichthe VLHC survival fractionis lower thanthatin the SPS the VLHC intensitythresholdoecomesvenlarger.
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Figure58: Secondarglectronsurvival fractionasa function of bunchgap,for the high field ring andfor the SPS.

Thedistribution of the secondarglectronenegy gainis very differentfor long andshortbuncheq29]. Thisis because
buncheswith sameintensitybut differentlengthshave differentpotentialwells. It is especiallyrelevantthatthe bunchin the
SPSexperimentwasmorethan10timeslongerthanthe VLHC bunchat collision. Thebeampotentialwell is

el b r2
= s5+ln(2)
Vot Smeg <0 541n (a) 2a2> (90)

wherer is theradial position,eq is the permittivity in freespaceand) is thebeamline density The VLHC beampotential
well atcollisionis shavn ontheleft in Figure60, while the SPSis shavn on theright. The SPSbunchintensityis much
higherthanthe VLHC, yetthe VLHC beampotentialis muchdeeperA reliableapproachusingthe beampotentialwell to
determingheelectroncloudthresholdhasyetto be developed.

Table33lists electroncloud parameter$or four hadroncolliders. Thethreekey parameterarethe bunchspacing,, the
averageenegy gain (A E), andthe beampotentialwell depthV,,.;.

In summarythe bunchspacingof the VLHC is slightly lessthanin the SPS but the chambessizeis alsosmallef andsothe
secondarylectronsurvival fractionis smallerin the VLHC thanin the SPS.The averagekinetic enegy gainedby secondary
electronsat eachbunchpassagés muchsmallerin the highfield VLHC thanthe SPSthreshold andthe chanceof electron
cloudin the VLHC is thereforeexpectedto be small. The beampotentialof the VLHC is comparablavith the SPS but much
lesssererethanthe LHC. Furtherstudyis neededo ensurehe completesafetyof the high field ring from electroncloud
problems.

3.13 Energy deposition

In acollider with beamenegies Ej.,,, of 87.5TeV anda peakluminosity £ of 2 x 10**em=2s~! enegy depositionfrom the
particlescreatedn pp collisionsis significantandcould eventuallyposea problemfor the superconductinghagnetsloseto

81



SE yield
1.5 T

0 | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
eV

Figure59: Secondaryelectronyield vs. primary electronenegy, stainlessteelsurface.

thelR.
Thedepositecenegy on onesideof thelR, E,, in unitsof kW is givenby:

Ed:N x 0.5 x Ef'wda (91)

whereN correspondso the numberof collisionsperhourandEy,,4 to thetotal enegy of particlesin forwarddirectionin
unitsof kWh. In generalN is determinedy:

Nzatot x L x 3600. (92)

Table 34 shawvsalist of thedominantprocesseandtheir crosssectionsat /s = 175000 GeV accordingto the high enegy
eventgeneratoPYTHIA [26]. While thefirst 2 processedo not contribute exclusively to enegy depositionin forward
direction,thelatterfour do, accumulatingo a “forw ard” crosssectionof 66 mb.
Theelasticscatteringanddiffractioncrosssectionsarereflectedn the patternin fig. 61 depictinghigh enegy tracksonly at
smallpolarangles®. In fact,PYTHIA predictsabout40% of all collisionswith basicallyall enegy, i.e. moreor lessthe
incomingprotons distributedin forwarddirection.

Theseeventsareof particularinterestfor usin casesvhenthey have scatteringanglessmallerthanthe apex angleof the D1
magnets30 m downstreanof thelR. Underthis conditionthe chagedcollision productsarebentin the dipolefield of theD1
magnetandcontribute eventuallyto the enegy depositionin the down streamlR quadrupole®Q1A andQ1B. Fig. 62 shavs
theenenpy distribution of chagedandunchagedtrackswith a polarangle® < ©4pe, With 4, = 0.00042 rad These
tracksbelongto anoverall sampleof 1000generatedYTHIA events.Thecontinuumof the chagedparticleenegy
distribution (lower left plot in fig 62) hasa meanof 76360GeV. Thedistribution peaksat2 x Ejpeqnm, -
Theapproximatenumberof collision particleshitting the IR dipolesandquadrupoleganbeestimatedy neglectingthe
unchagedparticles,which arent affectedby the magnetidield of the D1 dipoles,but takinginto accountparticleswith small
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Figure60: Thebeampotentialwell in theVLHC at collision (left), andin the SPSatinjection (right).

anglesemeping from subprocesseksand?2 in Tah 34. Assuminga meantotal enegy of 76 TeV of all chagedparticles
containedwithin the beampipefor 75%of the collisionsandabout175TeV for theremaining25%anupperlimit of 24 kW
enegy depositionon eithersideof thelR canbederived. However, this enegy depositionis spreadver a certaindistance
sincethe pointwherethe particleshit thewall of the beampipe depend®n both,incomingangleandparticleenegy. For
effective collimationor ary othercountermeasurehis hasto be studiedwith moredetailtakinginto accounthe machine
lattice andmagnetransferfunctions.
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SPS SSC LHC VLHC

e-c/No Inject/Store Inject/Store
R (m) 1100 13201 4243 37089
E; (TeV) 0.026 20 0.45/7 10/87.5
fo (kHz) 43.4 3.62 11.25 1.287
N (1010) 6/25  0.735 10 0.9
A (101%m)  7.4/21.4 3.8 29.1/49.5 4.0/13.0
b (mm) 22,5 16 17.4 10
a (mm) 3.2 0.126 1.15/0.293 0.21/0.074
o¢ (cm) 30/53 7.3 13/7.5 8.2/2.6
o, (NS) 1.0/2.75 0.24 0.43/0.25 0.273/0.087
ts (NS) 25/130 16 25 18.8
(AE) (eV) 112/1952 8.3 727/1093 23.6/31.1
Vot (KV) 0.52/1.51 0.58 2.7/16.5 0.50/2.0

Table33: Comparisorof key electroncloud parameterdetweerfour protoncolliders.

index | subprocess o (mb)
1 f+9g—>f+g 20.9
2 g+g—>9+g 63.2
3 Elasticscattering 35.9
4 Singlediffractive (XB) 8.2
5 Singlediffractive (AX) 8.2
6 Doublediffractive 13.7

Table 34: Crosssectionsof the dominantprocessesit 175.0TeV collisions (PYTHIA). f andg correspondo fermionand
gluonrespectiely.
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Figure61: Theenegy of stablefinal stateparticlesasafunctionof polarangle® (PYTHIA).
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forward energy distributions
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Figure 62: Enegy distribution of chaged and unchagedtracksin forward directionin collisionsat /s = 175000 GeV
(PYTHIA).
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3.14 Beamtransfer from low field to high field

A preliminarydesignfor transferlinesfrom the Low Field VLHC to theHigh Field VLHC hasbeenconstructedThetransfers
will take placebetweerthe 6 cell long straightsectionsn eachmachine.

In the Low Field VLHC thetwo beamshave oppositevaluesof thelattice functionsatthe endof thelong straightsj.e. the
valueof 3, for onebeamis thevalueof 3, for the otherbeamatthe endof the straightsection.The High Field VLHC onthe
otherhandhasthe samevaluesfor the lattice functionsof the two beamsat the endsof the straightsection.Thustwo different
transferlines mustbe constructed.

Thedesignof the straightsectionsvasprovided by JohnJohnstondérom the currentlattice designs Transferline designshave
beenfoundthatmatchthelatticefunctionsin thetwo machinesThebendsnecessaryo transporthe beamsvertically and
horizontallybetweerthetwo ringsareyetto be determinedThiswill requireadjustmentso the currentdesigngo matchthe
dispersionattheendof thetransfers.

Figure10shavsthevaluesof the 8 functionsfor the preliminarydesignsin bothcaseshe maximumvalueof 3, whichis a
primary designconsiderations reasonableThuswe have areasonablstartingpointfor thefinal design.

6. 6, in an Insertion,
design/fun2 unfB1

T0 DESIGN THE TRANSFE/R LINE FROM THE LF TO THE HF MACHINE.
ion B.13/8
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Figure63: The 3 functionsfor the TransferLinesF-F (left) andD-D (right).

87



3.15 Fundamental problems,and futur e reseach fronts

Four majorissuescould severelyalterHF ring performancesstimatesgivenour presenknowledgeof AcceleratorPhysics
andthe preliminarystateof the HF design:

1. Energy deposition. The power of debrisproductsexiting the collision point goesfar beyond currentexperiencels
thereanacceptablengineeringsolution?

2. Operational aperture. The physicalbeamsizesaresosmallthatthe operationahpertures probablymoreimportant
thanthe dynamicaperture How far canthe closedorbit move beforethe beamis lost? Is operationafeedbacknecessary
on closedorbits,tunes,andchromaticitiesn orderto acceleratdbeamto top enegy?

3. Instabilities. Althoughthe HF ring is in generalanorderof magnitudemoreimmuneto instability issueghanthe LF
ring (dueto its higherrigidity), thereis still roomfor considerableoncern.For example theelectroncloudheatloadin
the cryogenicbeamervironmentcouldbeunacceptable.

4. Diffusion. The operationakcenaricassumeshatthe beamemittanceslecreasdéy anorderof magnitudeor more,with
adampingtime of order2.5hours(107 turns).Our basicunderstandingf slow diffusionmechanismsioesnot preclude
the possibilitythatthis is fundamentallympossible Canwe reliably extrapolatefrom othercolliders?

In additionto thesemajorissues- which maynot be solubleon a shorttimescale- therearemary otherswhich needto be
addressedsomeof which are amenabléo shortertermresolution.It is corvenientto groupall issuesmajorandminor, short
andlongterm,into researcHronts,asfollows:

1. Diffusion. Evaluatemoreaccuratelythe effectsof groundmotion, modulationaldiffusion,Intra BeamScattering,
Beam-Beaninduceddiffusion, et cetera.

2. Lattice design.Developrealisticopticsfor theinteractionregion (doubletandtriplet optics),the LF to HF transferine,
verticaldispersiorsuppressiorheamabort,andcollimationregions. Evaluatethe optimumcrossinganglesandplanes,
andthe optimumbhalf cell length. Much of this needgo bedonein closecollaboratiorwith LF lattice designefforts.

3. Simulation. Particletrackingstudiesto evaluatemagneffield quality tables.Enegy depositiorsimulationsof the IR
debrisproducts.Dynamicoptics,et ceterajn storeevolution simulations.Testthe conjectureghatthe operational
aperturgmeasuredn mm) is morecritical thanthe dynamicaperturglmeasuredn beamsigmas).Develop
specificationgor operationafeedbaclon closedorbits,tunes andchromaticities EvaluatearcandIR correction
schemes.

4. Instabilities. Estimatethe strengthof resistve wall, electroncloud,andotherrelevantinstabilities[41]. Evaluatethe
needfor collective effectfeedbacksystemsDevelopanimpedancéudgetandestimate.

5. Energy scaling Determinethe practicallimits to maximumluminosity, suchascryogenicpowerload,IR enegy
depositionnumberof eventspercrossingandcapitalor operatingcosts.Evaluatehow the maximumluminosity
permittedby theseconstraints/arieswith beamenengy, etcetera.

6. Beamexperiments.Developa planfor beambasedexperimentsat existing hadroncolliders,performecdby aformal
multi-laboratorycollaboration Major experimentakub-topicanightinclude

e singleparticledynamics
o diffusion
o feedbacl{operationabndcollective)
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4 Parameters

4.1 Low Field parameter tables

4.2 High Field parameter tables

Circumference( 233.037 km
Averagearcradius,R 35.0 km
Numberof interactionpoints 2
Half cell length, Ly, 135.486 m
Half cell bendangle g}, 3.875 mrad
Half cell count 1720
Half cell harmonicn 24
Bunchspacing(53.1MHz), Sg 5645 m
18.8 ns
Numberof buckets 41280
Phaseadvancepercell 90.0 degy
Revolutionfrequeny 1.286 kHz
Revolution period,T' 778 ms
Harmonicnumber h 371520
RFfrequeng (9 x 53.1) 478.0 MHz

Table35: Fundamentahttice parametersommonto bothlow andhigh field rings.

MODULE ALIAS L/Lp. COMMENT
DispersionSuppressor DS 3

Injection/Abortstraight IA 10

DispersionModule DM8 8 contains2 archalf cells
InteractionRegion IR 12

DispersionModule DM 6

Crossingd'straight” X 2

DispersionModule DM 6

InteractionRegion IR 12

DispersionModule DM8 8 contains2 archalf cells
Injection/Abortstraight 1A 10

DispersionSuppressor DS 3

Utility total 80

Arc 780

GRAND TOTAL 1720 2 arcsplus?2 utilities

Table36: Sequencef opticalmodulesin the on-siteutility region of the VLHC.
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Storageenegy, £
Peakluminosity, L, 4z
Inelasticcrosssection

Total crosssection

Collision debrispower, perIP
Dipolefield atstorage
Distancefrom IP to first magnet
Injectionenegy

Fill time

Acceleratiortime
Synchrotrorradiationdampingtime, Ty
Enegy lossperturn, Uy
Naturaltrans\erseemittance(H)
NaturalRMS momentumwidth
Numberof bunches M
Fractionof bucketsfilled
Collisionbetahorz, 3;

Collision betavert, 3;
Equilibrium emittanceratio, s

Initial bunchintensity N
Protongperbeam
Beamcurrent

Synch.rad. power, perbeamP
Dipole linearheatload
Storedenengy, perbeamtU

87.5

2 x 1034
130
169
73
9.765
30

10

30
2000
2.48
15.3
.0397
55
37152
a0

3.7
0.37
0.1

7.5
2.79
57.4

.88

4.7

3.9

TeV

cm 2s!
mbarn
mbarn

10°
1014
mA
MW
W/m
GJ

Table37: Nominalparametersor storesin thehighfield ring.
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INJECTION

Emittanceyms(H andV) 15 pum
Momentumwidth, rms 233.1 106
Arc bunchsize(betatron) 254  pum
Arc bunchsize(dispersion) 330 um
RF voltage 50.0 MV
Longitudinalrmsemittance 20 eVs
Longitudinalbeta 351 m
Bunchlength,rms 81.9 mm
Synchrotrortune .00280
Synchrotrorfrequengy 3.60 Hz
STOREBEGINNING

Emittanceyms(H andV) 15 um
Momentumwidth, rms 64.8 10
Arc bunchsize(betatron) 86 pum
Arc bunchsize(dispersion) 92.0 um
Full crossingangle 30.6 prad
RF voltage 200 MV
Longitudinalrmsemittance 20 eVs
Longitudinalbeta 520 m
Bunchlength,rms 33.7 mm
Synchrotrortune .00189
Synchrotrorfrequeng 2.44 Hz
EARLY PLATEAU (Flatbeams)
Beam-beanparameter .008
Emittanceyms(H) 161 pm
Emittanceyms (V) .016 pm
Momentumwidth, rms 50.0 10~
Arc bunchsize(betatron) 28.2 um
Arc bunchsize(dispersion) 71.0 pm
IP bunchsize(H) 253 um
IP bunchsize (V) 25 pum
Full crossingangle 10.0 prad
RF voltage 200 MV
Longitudinalrmsemittance 1.191 eV-s
Longitudinalbeta 520 m
Bunchlength,rms 26.0 mm
Synchrotrortune .00189
Synchrotrorfrequeng 2.44 Hz

Table38: StoreparametersancludinglongitudinalandRF
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FLAT ROUND
Flatnesgparameters 0.1 1
Beam-beanparametet, = &, .008 .008
Peakluminosity L (1034 cm—2s71) 2.0 2.0
Averageuminosity, 20 hr Ly, (103 cm2s71)  1.02 0.98
Initial bunchintensity N (10%) 7.5 7.5
Collision betahorz 8 (m) 3.7 0.71
Collision betavert 8, (m) 0.37 0.71
Maximum betahorzﬁ’; (km) 7.84 14.58
Maximum betavert@ (km) 10.75 14.58
Horizontalemittancee,, (um) 161 .082
Verticalemittancee, (um) .016 .082
Collision beamsizehorza? (um) 2.53 0.79
Collision beamsizeverto; (um) 0.25 0.79
Maximumbeamsizehorza, (um) 116 113
Maximumbeamsizeverts, (pm) 43 113
Angularbeamsizehorza), (ur) 0.68 1.11
Angularbeamsizeverto,;, (ur) 0.68 1.11
Total crossinganglea (ur) 10.0 10.0
Separatioristance L., (M) 30 120
Numberof long rangecollisionsperIR 20 84
Longrangetuneshift perIR, horz|AQ.| .0008 .0166
Longrangetuneshift perIR, vert|AQ,| .0081 .0166

Table 39: Flat and round beamperformanceparametersguotedafter about6 hoursat the “early plateau”just after peak
luminosity, whenthe horizontalandverticalbeam-beanparameterareboth saturated.

Horizontaltune 218.19
Verticaltune 212.18
Transitiongamma 194.13

Slip factor 26.53 10—°¢
Maximumarchbeta 459 m
Maximumarcdispersion  1.42 m
Rigidity atinjection 33.36 10* Tm
Rigidity atstore 291.9 10° Tm
Vertical 3* (store) 037 m
Horizontal 3* (store) 3.7 m
Maximumﬁ, injection .61 km
MaximumHorz E store 7.84 km
MaximumVertE, store 10.75 km

Table40: Shortlist of somehighfield lattice parameters.
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DIPOLE

Field atinjection
Fieldatstore
Bendradius

Coil full width

Liner full width
Verticalboreseparation
Storedenengy (2 bores)

ARC CELLS

Half cell harmonic
Half cell length

Half cell bendangle
Half cell count
Dipolesperhalf cell
Dipole count,total
Dipole magnetidength
Dipolefill factor
Quadmagnetidength
Quadfield gradient

DISPERSIONSUPPRESSORELLS

Half cell harmonic
Half cell length

Half cell bendangle
Half cell count
Dipolesperhalf cell
Dipole count,total
Dipole magnetidength
Dipolefill factor
Quadmagnetidength

Quadfield gradient(QD1)

Quadfield gradient(QF2)

Quadfield gradient(QD3)

Quadfield gradient(QF4)

1.116
9.765
29.887
40

20

.29
828

24
135.486
3.875
1568

7
10976
16.546
85.5
8.066
385.4

18
101.614
2.583
80

5

400
15.443
76.0
10.775
288.7
376.2
281.9
390.2

kd/m

mrad

%

T/m

m
mrad

m
%

m

T/m
T/m
T/m
T/m

Table41: Arc anddispersiorsuppressomagnetandcell parameters.

Magnet Field[T]

D1A
D1B
D2

Q1A
Q1B
Q2A
Q2B

GradienfT/m]

16
12
12

400

600

600

600

Aperturelmm]  Length[m]
25 12.1
50 6.0
50 11.1
30 12.4
30 12.4
30 7.9
30 7.9

Type

1-in-1
1-in-1
2-in-1
2-in-1
2-in-1
2-in-1
2-in-1

Table42: Designparametersf the high field interactionregion magnets.

93




RMSERROR ARC IR

QUADRUPOLES

Trans\erseoffset 0.25 0.2 mm
BPMto quadoffset 0.15 0.1 mm
Roll 0.5 0.5 mrad

FieldErrorAK/K 0.5 0.1 1073

DIPOLES
Roll 0.5 0.5 mrad
FieldErrorAB/B 05 05 1073

Table43: Tolerancesummaryfor magnetlignment

ARC CORRECTDRS

Dipole magnetidength 1.05
Dipole maxstrength 2.3
Skew quadlength 0.95

Skew quadmaxstrength 95
Sextupolemagnetidength  0.95
Sextupolemaxstrength 3700 T/m

m
Tm
m
T
m

IR CORRECDORS

Magneticlength 25 m
Dipole maxstrength 86 Tm
Skew quadmaxstrength 95 T

Table44: Correctormagnetidengthsandstrengths
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4.3 Magnet referenceharmonics

Theexpansionfor thefield errorin adipolemagnets writtenin termsof coeficients(b,,, a,,) as

A(By +iB,) = Bolo* 3" (b, + ian) (x hs Zy)n (93)

n=1 To

whereBy is themaindipolefield andry = 10 mmis thereferenceadiusin all casesSimilarly, for aquadrupole

A(B, +iB,) = Gorol0™ " (b, + iay) (“”’) (94)
To

n=2
whereG) is themainquadrupoldield gradient.In thefollowing tables for eachsetof magnetsp,, (a,) is themeanor
systematiczalueof the normal(skew) harmonic,A(b,,) is theuncertaintyof the systematimormalharmonic.ando (b,,) is the
standarddeviation of the normalharmonic.The conventionin whichn = 2 is sextupoleis usedthroughout.

n b, Ab, o(by) an Aa, o(ay)

1 5 1.2 .005 5 1.2
2 -20 10 .85 3 .85
3 2 3 -.001 2 3
4 -5 2 12 2 12
5 .05 -.002 .05
6 -.001 .02 .02
7 .008 .011 .008
8 -.046 .005 .005
9 .001 .003 .001

n bn, Ab, o(bn) an Aap, o(ay)

1 5 1.2 5 1.2
2 5 .6 3 .6
3 2 3 -.001 2 3
4 -001 .05 A .05 A
5 .05 -.002 .05
6 -.001 .02 .02
7 .008 .011 .008
8 -.046 .005 .005
9 .001 .003 .001

Table45: Arc dipolebodyharmonicsy1.0. At injectionwith B = 2 T (top), andat storagewith B = 10 T (bottom).
Theinjectionenegy droppedirom the 20 TeV valueusedfor v1.0harmonicgo 10 TeV. Theinjectionfield reducedrom 2.28

T to 1.14T andinjectionfield gradientfrom 90 T/m to 45 T/m. Thecomponent®f field harmonicselatedto the coil
magnetizatioreffect atinjectionhave beenchecledandcorrectedf necessary
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n b, Ab, o(by) an Aa, o(ay)
2 .75 1.875 .75 1.875
3 .004 5 .875 5 .875
4 125 .375 125 .375
5 -25 .25 .25 125 .25

6 .075 .075
7 -.0035 .025 .025
8 .025 .025
9 1 .025 .0125 .0125
n b, Ab, o(by) ap Aa, o(ay)
2 .75 1.875 .175 .75 1.875
3 .03 .50 .875 5 .875
4 125 .375 125 375
5 .03 075 .2 075 2

6 .075 .075
7 -.0035 .025 .025
8 .025 .025
9 -004 .025 .0125 .0125

Table 46: Arc quadrupolebody harmonicsyv1.0. At injectionwith G = 80 T/m (top), and at storagewith G = 400 T/m
(bottom).
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n b, Ab, o(bn) an Aa, o(an)

1 5 1.2 5 1.2
2 -20 10 .85 3 .85
3 .05 .35 .05 .35
4 5 2 A2 2 12
5 -.006 .006 .05 .002 .05
6 -.004 .007 .02 .02
7 .015 .015 .008 .01 .005 .008
8 -065 .065 .005 .005
9 -006 .006 .001 .002 .001 .001

n b, Ab, o(by) an Aa, o(ay)

1 5 1.2 5 1.2
2 5 .6 3 .6
3 .05 3 .05 3
4 .05 A .05 A
5 -.006 .006 .05 .002 .05
6 -.004 .007 .02 .02
7 .015 .015 .008 .01 .005 .008
8 -065 .065 .005 .005
9 -006 .006 .001 .002 .001 .001

Table47: Arc dipolebodyharmonicsyl.1. At injectionwith B = 1.14 T (top), andat storagewith B = 10 T (bottom).
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n b, Ab, o(by) an Aa, o(ay)

2 .25 1.875 .25 1.875

3 .25 .875 .25 .875

4 125 .375 125 375

5 -125 .25 .25 125 .25

6 .075 .075

7 -.004 .025 .025

8 .025 .025

9 .075 .025 .013 .013 .0125
n b, Ab, o(by) an Aa, o(ayn)
2 5 1.875 .175 5 1.875
3 .25 .875 .25 .875
4 125 375 125 375
5 .025 .025 2 .025 2
6 .075 .075
7 -.0035 .025 .025
8 .025 .025
9 -004 .003 .0125 .0125

Table 48: Arc quadrupolebody harmonicsy1.1. At injectionwith G = 45 T/m (top), and at storagewith G = 400 T/m
(bottom).

2 2 2 3 3 1
3 2 2 1 1 1
4 1 1 15 15 1
5 1 1 5 1 2
6 A A 5 5 5
7 5 .5 A 2 A
8 A A 3 3 A
9 5 5 A 1 A

Table49: Interactionregion quadrupoléntegratedharmonicsor Q1 andQ2,v1.0.
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